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Abstract
In plants aerial tissues are generated from a pool of stem cells called the shoot apical meristem
(SAM). They have to be tightly regulated to ensure proper development of the plant body. An
important group of regulators are KNOX class transcription factors. In A. thaliana the two best-
studied members of this class are the homeodomain (HD) proteins SHOOTMERISTEMLESS
(STM) and KNAT1 and in maize KNOTTED1 (KN1). They are indispensable for the SAM and
keep cells in an undifferentiated state (Vollbrecht et al., 1991; Lincoln et al., 1994; Long et al.,
1996). These KNOX proteins share a MEINOX protein interaction motif and a HD, facilitating
cell-to-cell movement via plasmodesmata (Lucas et al., 1995; Kim et al., 2003, 2005). However,
little is known about how the presence of these mobile KNOX proteins in cells is regulated.
I evaluated the function of the novel KNOTTED1 BINDING PROTEIN 1 (KNB1). KNB1
interacts with specific HD proteins including STM, KNAT1 and KN1. In addition, KNB1 binds
to the KNOX regulator MPB2C (Winter et al., 2007). KNB1 does not belong to a known gene
family. The gene product is small with only 16kDa and harbors only a coiled-coil region with
unknown function. KNB1 fusion proteins localize mainly to nuclei and move via plasmodes-
mata. Expression studies suggest that the transcript is produced in tissues bordering and partially
overlapping the STM and KNAT1 expression domain. Similar to BEL1, but in contrast to the
HD binding MPB2C, KNB1 interacts with the MEINOX domain present in KNAT1.
Interestingly, in the yeast three-hybrid system MPB2C reduces the interaction readout of
KNB1 - KNOX dimers. Although 35S driven overexpression of KNB1 has no obvious effect
on plants, it is able to rescue STM and KN1 overexpression phenotypes. This might be due to
an interplay with other proteins, in some cases MPB2C. KNB1 seems to initiate degradation of
KNOX proteins, as the strong fluorescent signal of GFP-tagged KN1 in overexpression plants is
lost. This was confirmed in trichome rescue (TR) lines, where GFP-GL1-KN1 movement into
the epidermis is essential for trichome formation (Kim et al., 2005). Elevated KNB1 levels result
in no detectable GFP-GL1-KN1 fusions and the formation of trichomes is abolished.
In a model based on current experimental evidence KNB1 leads together with other proteins
to proteasomal degradation of KNOX proteins. One of these proteins might be MPB2C, which
also limits cell-to-cell movement of KNOX proteins. By this interplay plants cells might control
the presence and, consequently, the function of HD proteins.
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Zusammenfassung
Stammzellen im Apikalmeristem bilden alle überirdischen Gewebe. Sie werden unter anderem
von Homeodomain (HD) Transkriptionsfaktoren der KNOXKlasse reguliert, um korrektes Pflan-
zenwachstum zu garantieren. Die am besten erforschten Mitglieder dieser Klasse sind SHOOT-
MERISTEMLESS (STM) und KNAT1 aus A. thaliana und KNOTTED1 (KN1) aus Mais. Sie
sind unabkömmlich für die Bildung des Apikalmeristems und verhindern die Differenzierung
der Stammzellen (Vollbrecht et al., 1991; Lincoln et al., 1994; Long et al., 1996). Gemeinsame
Merkmale von KNOX Proteinen sind die MEINOX Domäne zur Interaktion mit anderen Pro-
teinen und die für den Zell-Zell Transport wichtige HD (Lucas et al., 1995; Kim et al., 2003,
2005). Über KNOX Regulierung auf Proteinebene ist wenig bekannt.
Im Rahmen meine Dissertation habe ich das bisher unbeschriebene KNOTTED1 BINDING
PROTEIN 1 (KNB1) untersucht. KNB1 interagiert mit einigen HD Proteinen, unter anderem
mit STM, KNAT1 und KN1, und dem KNOX regulierenden MPB2C (Winter et al., 2007). Es
gehört keiner bekannten Genfamilie an, ist nur 16kDa groß und besitzt eine coiled-coil Domäne,
deren Funktion nicht bekannt ist. KNB1 Fusionsproteine sind hauptsächlich kernlokalisiert und
werden durch Plasmodesmata transportiert. Laut Expressionsstudien findet man das Protein in
gleichen, oder benachbarten Geweben zu STM und KNAT1. Im Gegensatz zum HD bindenden
MPB2C interagiert KNB1 mit der MEINOX Domäne von KNAT1.
MPB2C verhindert im Hefe Drei-Hybrid-System die Aktivierung der Interaktionsreporter
durch KNB1 und KNAT1. Überexpression von KNB1 führt zwar zu keinem Phenotyp in Pflan-
zen, unterbindet aber den Überexpressionsphenotyp von STM und KN1. Dafür sind möglicher-
weise zusätzliche Proteine, z.B. MPB2C notwendig. Zusammen mit KNB1 bewirken sie den
Abbau von KNOX Proteinen: in KN1 KNB1 Doppelüberexpressionpflanzen wurde KN1-GFP
nicht detektiert. Ähnlich die Trichome Rescue (TR) Linie, die Zell-Zell Transport von GFP-
GL1-KN1 mit der Bildung von Trichomen koppelt (Kim et al., 2005). Auch in diesen Linien
führt die Überexpression von KNB1 zum Verlust des GFP Signals und der Trichombildung.
Auf Grund dieser Ergebnisse schlage ich ein Model vor, in dem KNB1 zusammen mit anderen
Proteinen zum proteasomalen Abbau von KNOX Proteinen führt. Eines dieser Proteine könnte
MPB2C sein, welches den Zell-Zell Transport von KNOX Proteinen stoppt. Dieses Zusammen-
spiel könnte KNOX Proteinmengen und dadurch auch deren Funktion regulieren.
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1 Introduction
1.1 Plant development
In contrast to mammals, which develop most of their organs and tissues during embryogenesis,
plants rely heavily on post-embryonic development. Plants as sessile, multicellular organisms
have to cope with a changing environment and adapt to both biotic and abiotic stresses. In-
determinate, post-embryonic development gives them the capacity to adapt their body plans
continuously to their surroundings and allows for regeneration at a large scale.
1.1.1 Meristematic regions
During plant embryo development two primary pools of stem cells are initiated: one in the shoot
apical region and one at the root tip, called shoot apical meristem (SAM) and root apical meris-
tem (RAM), respectively. Indeterminate meristematic cells at the center are constantly dividing
and supply cells to the peripheral region, where organs are initiated and cells differentiating.
Cells in the center have to keep the balance between stem cell renewal and organ formation.
The SAM also gives rise to three primary meristematic tissues below: the protoderm, which de-
velops into the epidermis, the ground meristem forming the ground tissue and the procambium
developing into vasculature. Additional lateral meristems called axillary meristems form in leaf
axils in the leaf/stem junction on the adaxial side of the leaf. After release from dormancy most
of these meristems grow out and form axillary buds, which are then developing into branches
and repeating the development of the primary shoot.
During floral transition vegetative meristems are turned into inflorescence meristems. They
switch from leaf initiation to production of floral meristems, another indeterminate initiation
process. Floral meristems on the other hand are determinate and are consumed in flower devel-
opment with the last meristematic cells forming the inner floral whorl, the carpels.
1.1.2 The shoot apical meristem
All above ground parts of a plant are derived from the SAM, making this region indispensable
for plant development. The SAM is initiated in the apical part of the globular stage embryo in
5
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A B
Organization
center
Figure 1.1: (A) Longitudinal section of an inflorescence meristem showing the layered organization
(L1, L2, and L3 cell layers). L1 and L2 are also called the tunica and L3 to the corpus. The functional
zones are also represented. At the meristem summit the central zone (CZ) contains the stem cells
and the organization center (OC), whereas primordia are initiated in the peripheral zone (PZ). The
rib zone (RZ) produces the internal part of the stem. Figure and text modified from Vernoux et al.
(2010). (B) Schematic representation of the SAM and the CLV3-CLV1 pathway in A. thaliana. LP-
leaf primordia. Figure taken from Ohyama et al. (2009).
the bordering region of the two forming cotyledons. Restricted growth in this region together
with outgrowth of cotyledons leads to the heart shaped embryo.
The SAM is divided into different layers and regions (Fig. 1.1.A). The outer layer L1 consists
of cells that later give rise to the epidermis. Ground tissue is derived from the subjacent L2 layer.
Both L1 and L2 layer are marked by anticlinal divisions and consist of only one layer of cells.
In contrast to this is the L3 region below with cell divisions in all planes. L3 cells later form
the vasculature. The central zone (CZ) including cells of all three layers consists of the core
stem cells with a low cell division rate and below the organization center (OC) in L3. Below
the central zone lies the rib meristem. The peripheral zone (PZ) surrounds the central zone and
includes the newly forming leaf primordia. Both the peripheral zone and rib meristem divide at
a higher rate and are the main source for cells incorporated into organ primordia and the stem.
1.1.3 Stem cell fate versus diﬀerentiation
The WUSCHEL/CLAVATA feedback loop
One of the key regulatory mechanisms in the SAM is the CLAVATA/WUS feedback loop (Fig.
1.1.B). Several CLAVATA (CLV) proteins are involved. The CLV3 gene encodes for a 13 amino
acid peptide, which is expressed in the top layers of the central zone above the organization
center (Ohyama et al., 2009; Fletcher et al., 1999). This secreted, apoplastic peptide binds to
two redundantly acting receptors. One consists of a CLV1 homodimer, to which direct binding
was shown (Ohyama et al., 2009). CLV1 is a fully functional leucine-rich repeat (LRR) receptor
kinase which is expressed in the meristem center in L2 and several layers below (Clark et al.,
6
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1997). The second receptor is made up of CLV2 and CORYNE (CRN). CLV2 is a receptor-like
protein but lacks an intracellular signaling kinase (Jeong et al., 1999). CRN on the other hand is
a membrane-associated receptor kinase but lacks an extracellular domain (Mueller et al., 2008).
clv and crn mutants are characterized by enlarged meristems indicating a failure to suppress
stem cell activity (Clark et al., 1993, 1995; Kayes and Clark, 1998; Mueller et al., 2008). This
leads to fasciation and aberrations in the number of organs derived from the meristems. Reddy
and Meyerowitz (2005) showed that enlarged meristems in mutants are due to re-specification
of peripheral cells as central zone stem cells and not to over-proliferation. Thus CLV proteins
are suppressors of stem cell identity.
After activation of CLV1 or CLV2/CRN by CLV3 a signaling cascade to the nucleus is acti-
vated. In the nucleus transcription of the stem cell promoting homeodomain gene WUSCHEL
(WUS) is repressed. wus mutants fail already in the embryo to establish a proper SAM. After
initiation of the first true leaves in the seedling, which uses up cells from the central zone, the
meristem terminates (Laux et al., 1996). This makes WUS an essential factor in establishment
and maintenance of the central zone. Mayer et al. (1998) detected WUS mRNA in the central
zone of the SAM below the core stem cells in small group of cells in the L3, the organiza-
tion center. As WUS is not a non-cell autonomous protein itself, a yet unknown downstream
component has to signal to the stem cells for maintenance.
An increase of CLV3 leads, via the receptors CLV1 and CLV2/CRN, to a repression of WUS
in the organization center, which in turn decreases its stem cell promoting activity and thus
decreases CLV3 levels (Brand et al., 2000; Schoof et al., 2000). This feedback loop between
stem cells and organization center is essential for the maintenance of stem cells in the SAM and
constantly adjusts the number of stem cells.
KNOX proteins and phytohormones in the SAM
The A. thaliana KNOTTED1-LIKE HOMEOBOX (KNOX) classI proteins SHOOTMERIS-
TEMLESS (STM), KNOTTED-LIKE FROMARABIDOPSIS THALIANA1 (KNAT1), KNAT2
and KNAT6 are a group of homeodomain transcription factors, which have been shown to play
an important role in the SAM. The most prominent member of this class of proteins is STM.
STM loss of function mutants lack the SAM in the embryo, which leads to partial fusion of
cotyledons and an arrest soon after germination (Barton and Poethig, 1993). STM is expressed
throughout the undifferentiated meristem but its downregulation is one of the first indications
of forming organ primordia (Fig.1.2.A, Long et al. 1996). Overexpression of the close STM
homologue KNAT1 (also called BREVIPEDICELLUS) leads to severe morphological changes
like lobed leaves and formation of ectopic meristems, indicating that KNOX genes are required
to keep cells in an undifferentiated state (Lincoln et al., 1994; Chuck et al., 1996).
7
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Figure 1.2: (A) Expression of STM gene (a KNOX gene) in the vegetative apex showing down-
regulation in early primordia. (B) Diagram of a transverse section through a vegetative shoot apical
meristem. Primordia are labeled from youngest (P0) to oldest (P7). Auxin transport (green arrows)
is directed toward the next primordium that will form (fuzzy green circle), causing high local auxin
levels to build up. Establishment of the new leaf primordium is associated with changes in gene
expression within the primordium (decreased KNOX expression, increased PIN, AINTEGUMENTA
and MONOPTEROS expression) and the establishment of a boundary separating the adaxial domain
of the primordium from the rest of the apical meristem. Text and figures taken from Barton (2010).
STM seems to exhibit its differentiation repressing role by influencing the ratio of two phyto-
hormones essential for regulation of meristematic cells, gibberellin and cytokinin (Fig.1.3, Hay
et al. (2002); Jasinski et al. (2005); Yanai et al. (2005)). While cytokinin stimulates the cell cycle
via cyclin D3, gibberellin promotes determined growth of organs (Riou-Khamlichi et al., 1999;
Hay et al., 2002).
Cytokinin levels are elevated upon expression of the tobacco KNOX protein NICOTIANA
TABACUM HOMEOBOX 15 (NTH15) or the maize KNOX protein KNOTTED1 (KN1) in
tobacco leaves (Tamaoki et al., 1997; Ori et al., 1999). Overexpression of STM or KN1 in A.
thaliana leads to increased levels of the cytokinin biosynthesis enzyme isopentenyl transferase
7 (AtIPT7), followed by cytokinin accumulation (Yanai et al., 2005). Severe stm mutants can
be partially rescued by external application of cytokinin or SAM specific expression of AtIPT7.
This implicates that STM acts upstream of cytokinin by activating cytokinin biosynthesis (Yanai
et al., 2005).
At the level of cytokinin response KNOX and WUS signals are integrated (for a model of
cytokinin signaling see Mueller and Sheen (2007)). The activation of cytokinin biosynthesis by
KNOX proteins is followed by activation of B-type ARABIDOPSIS RESPONSE REGULA-
TORs (ARRs), positive regulators of cytokinin response (Taniguchi et al., 1998; Brandstatter
and Kieber, 1998; Sakai et al., 2000). Downstream of B-type ARRs are A-type ARRs, which
are supposed to be negative regulators of cytokinin response, thus dampening the cytokinin re-
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physiological studies shows that severalhormoneshavesubstantial
input in controlling meristematic activities. In recent years, meris-
tem research has explored the stem cell concept: according to this,
meristem self-renewal is dependent on stem cells, a specific sub-
population of cells that divide asymmetrically to yield stem cells
and cells that follow a path towards differentiation. As first shown
from studies in animal development, stem cell activity in plants
is also dependent on the specific signalling environment, which is
often termed the stem cell niche [3,4]. These concepts are pertinent
to discussing interactions between meristematic activity and hor-
mones because the latter contribute to both stem cell positioning
and regulation of the balance betweenmeristem cell maintenance,
proliferation and differentiation. In this review, we focus on the
advances inunderstanding themechanisms thatunderliemeristem
regulation by classical hormones, and how the output gener-
ated from these hormones is determined by the developmental
context.
2. KNOX proteins regulate the balance of CK and GA in the
SAM
A remarkable feature of shoot development is continuous
growth and organogenesis, which is dependent on the sustained
activity of the SAM. KNOTTED1-LIKE HOMEOBOX (KNOX) genes
encode transcription factors that are required to establish the
SAM [5]. There are four class I KNOX genes in Arabidopsis, includ-
ing SHOOTMERISTEMLESS (STM), BREVIPEDICELLUS (BP), KN1-LIKE
IN ARABIDOPSIS THALIANA2 (KNAT2) and KNAT6, and they are
expressed in the SAM but excluded from lateral organs [5–7].
Loss-of-function stm mutants fail to maintain a meristem, whilst
overexpression of KNOX genes leads to the formation of ectopic
meristems on the adaxial surfaces of leaves [5,8], thus high-
lighting the importance of KNOX activity in meristem function.
Several lines of evidence suggest that KNOX proteins function
to establish a hormonal regime that is favourable for meris-
tem activity (Fig. 1). This regime consists of two components:
firstly, a low level of giberellic acid (GA), which is a terpenoid
compound that stimulates growth, at least in part, by promot-
ing cell expansion; and secondly, a high level of cytokinin (CK),
which is an adenine derivative that can act as a potent mitogen
[9–11].
2.1. KNOX proteins mediate the repression of GA biosynthesis
The most well characterised KNOX target genes encode GA20
oxidase enzymes, which are required for GA biosynthesis. GA20
oxidase transcription has been shown to be repressed by KNOX
proteins in several plant species [9,12]. This interaction is function-
ally significant because exogenous GA application and constitutive
GA signalling suppress KNOX gain-of-function phenotypes, whilst
constitutiveGA signalling, as conditioned by theArabidopsis spindly
mutant, enhances the defects of weak stmmutants [9]. These data
indicate that constitutive GA activity is detrimental to meristem
function and provide a physiological rationale for the importance
of reducing GA biosynthesis in the meristem. Although GA biosyn-
thesis is repressed in the meristem, GAs are diffusible molecules
and thus could diffuse from adjacent leaf areas into the meristem.
However, KNOX proteins activate the transcription of GA2 oxidases,
which encode GA catabolic enzymes, at the leaf–meristem bound-
ary [9,13,14]. This localised GA2 oxidase expression may protect
the stem cell niche from the possible diffusion of GA from adjacent
tissues. It is, however, unlikely that KNOX proteins alone promote
the expression of GA2 oxidases as the expression patterns of KNOX
genes and GA2 oxidases only partially overlap [10].
Fig. 1. Hormonal inputs into SAM function. KNOXproteins regulatemeristemactiv-
ity bymaintaining low levels of gibberellin (GA; yellow) and high levels of cytokinin
(CK; red) in the shoot apical meristem (SAM; purple). KNOX proteins directly sup-
press GA biosynthesis in the SAM by repressing GA20 oxidase (GA20 ox) expression,
and promote GA degradation by activating GA2 oxidase (GA2 ox) expression. This
thereby restricts GA to the emerging leaf primordium (green)where it promotes cell
differentiation. KNOX proteins promote CK biosynthesis by activating ISOPENTENYL
TRANSFERASE7 (IPT7) expression, causing a CK signalling cascade and increased
levels of type-B ARABIDOPSIS RESPONSE REGULATORs (ARR-B). WUSCHEL (WUS)
represses type-A ARABIDOPSIS RESPONSE REGULATORs (ARR-A), which are negative
regulators of the CK signalling pathway, and this repression is required to maintain
the pluripotency of stem cells in the SAM. An auxin (IAA) maximum forms at the
site of primordium formation, and ASYMMETRIC LEAVES1 (AS1) is expressed in the
resulting primordium. AS1 and IAA activities converge to repress BREVIPEDICELLUS
(BP) expression in the leaf.
2.2. KNOX-mediated activation of CK biosynthesis
Although KNOX function in meristem maintenance involves
the repression of GA, KNOX proteins must have additional func-
tions as neither application of exogenous GA nor constitutive
GA signalling mimics the phenotypes of KNOX loss-of-function
mutants [9]. Additionally, KNOX-overexpressing plants have ele-
vated levels of CK, which first suggested that KNOX proteins may
also promote CK biosynthesis [11]. The functional significance of
KNOX-mediated activation of CK biosynthesis is illustrated by the
observation that the wooden leg (wol) mutation, which disrupts
the function of CK receptors, renders a hypomorphic stm mutant
that has a partially functioning SAM, shootless [10]. Conversely,
overexpression of CK biosynthetic ISOPENTENYL TRANSFERASE (IPT)
genes and the exogenous application of CK can partially rescue
the meristem defects of stmmutants [11], thereby confirming that
CK activation is a biologically important component of STM activ-
ity. Crucially, the potential for KNOX proteins to provide an input
into the CK biosynthesis pathway is supported by observations
that KNOX-overexpression in both Arabidopsis and rice results in
inappropriate activation of expression of genes that encode CK
biosynthetic components, such as IPT7, and CK type-A response
regulators, such as ARABIDOPSIS RESPONSE REGULATOR 5 (ARR5)
and ARR7 [10,11]. Genetic evidence has also shown that localised
CK biosynthesis is critical for SAM activity. This was convinc-
ingly illustrated in rice as the LONELY GUY (LOG) gene, which
encodes a phosphoribohydrolase that converts inactive forms of
CK to active free-base forms, is expressed specifically in the dis-
Figure 1.3: Hormonal inputs into SAM function. KNOX proteins regulate meristem activity by
maintaining low levels of gibberellin (GA; yellow) and high levels of cytokinin (CK; red) in the shoot
apical meristem (SAM; purple). KNOX proteins directly suppress GA biosynthesis in the SAM by
repressing GA20 oxidase (GA20ox) expression, and promote GA degradation by activating GA2 oxi-
dase (GA2ox) expression. This thereby restricts GA to the emerging leaf primordium (green) where
it promotes cell diﬀerentiation. KNOX proteins promote CK biosynthesis by activating ISOPEN-
TENYL TRANSFERASE7 (IPT7) expression, causing a CK signaling cascade and increased levels
of type-B ARABIDOPSIS RESPONSE REGULATORs (ARR-B). WUSCHEL (WUS) represses type-
A ARABIDOPSIS RESPONSE REGULATORs (ARR-A), which are negative regulators of the CK
signaling pathway, and this repression is required to maintain the pluripotency of stem cells in the
SAM. An auxin (IAA) maximum forms at the site of primordium formation, and ASYMMETRIC
LEAVES1 (AS1) is expressed in the resulting primordium. AS1 and IAA activities converge to repress
BREVIPEDICELLUS (BP/KNAT1) expression in the leaf. Text and figures taken from Galinha et al.
(2009).
sponse in a feedback loop (Kiba et al., 2003; To et al., 2004; Giulini et al., 2004). WUS in turn is
a repressor of A-type ARRs and thus also a positive regulator of cytokinin signaling (Leibfried
et al., 2005).
While cytokinin is promoted by KNOX proteins, gibberellin is downregulated. Overexpres-
sion of the tobacco KNOX protein NTH15 leads to reduced gibberellin levels in leaves by bind-
ing to the gibberellin biosynthesis gene NTC12 and repressing expression of the encoded GA
20-oxidase (see chapter 1.2.9, Tamaoki et al. (1997); Tanaka-Ueguchi et al. (1998); Sakamoto
et al. (2001). NTH15 and NTC12mRNA show opposing localization: NTH15mRNA is detected
in the center of the SAM, bu not in the rib meristem or leaf primordia where NTC12 mRNA is
found (Tamaoki et al., 1997; Sakamoto et al., 2001). Hay et al. (2002) reported similar findings
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in A. thaliana. In addition, gibberellin that might diffuse from young leaves into the SAM, is
deactivated by GA 2-oxidases (AtGA2ox2 and AtGA2ox4). Both oxidases are expressed at the
base of the SAM, which is the border region to young leaves, and upregulated upon induced
expression of STM (Jasinski et al., 2005). Whether this upregulation is a direct consequence of
higher KNOX levels or an indirect effect of elevated cytokinin is a matter of discussion (Jasinski
et al., 2005).
Auxin has been implicated with a role in primordia initiation in the SAM. Already in the
triangular stage embryo auxin is transported by PIN proteins away from the developing SAM
towards the cotyledons (Benkova et al., 2003). In the post-embryonic SAM local auxin max-
ima in the epidermis define the position where the next organ primordium will form (Fig.1.2,
Benkova et al. 2003; Reinhardt et al. 2000; Heisler et al. 2005). In pin auxin transport mutants
that fail to initiate primordia external application of auxin to the peripheral region is sufficient
to induce organ formation strictly at the site of application (Reinhardt et al., 2000). The central
SAM is not responsive to auxin application. Auxin plays a role in KNOX downregulation in
primordia, as KNOX repression in primordia is lost upon inhibition of polar auxin transport in
maize, where auxin maxima fail to form (Scanlon, 2003). The same was observed in A. thaliana
pin1 mutants with impaired auxin transport, which initiate a reduced number of leaves (Hay
et al., 2006). The KNAT1, but not the STM expression domain is expanded into primordia, mu-
tation of knat1 in a pin1 background reduces the pin1 defect and allows for the initiation of more
leaves at the SAM.
1.1.4 Communication between meristem and leaves
Several groups of proteins important for proper leaf development have been shown to influence
the SAM. The most prominent ones are ARP type MYB transcription factors, adaxial domain
determining class III homeodomain-leucine zipper transcription factors and abaxial specifying
YABBY and KANADI proteins (Fig.1.4).
ASYMMETRIC LEAVES
The ARP type MYB transcription factors ASYMMETRIC LEAVES1(AS1) from A. thaliana,
ROUGHSHEATH2 (RS2) from Z. mays and PHANTASTICA from Antirrhinum are expressed
in organ primordia initials but never in the KNOX expression domain of meristematic cells
(Fig.1.3, Timmermans et al. (1999); Waites et al. (1998); Byrne et al. (2000)). KNOX genes
show ectopic expression in differentiating tissue in rs2 and as1mutants, indicating a role of ARP
proteins as KNOX repressors in organ primordia and leaves (Timmermans et al., 1999; Byrne
10
1.1. PLANT DEVELOPMENT
et al., 2000). While AS1 represses the KNOX genes KNAT1 and KNAT2 it is itself repressed
by STM: in as1/stm double mutants the vegetative stm phenotype is suppressed and plants form
leaves and shoots (Ori et al., 2000; Byrne et al., 2000, 2002). This indicates that in the absence
of both STM and AS1 other KNOX proteins might substitute for STM function (Byrne et al.,
2000). As pin1 as1 double mutants show an additive phenotype AS1 and auxin act probably in
parallel to suppress KNAT1 (Hay et al., 2006).
ASYMMETRIC LEAVES2 (AS2/LBD6) belongs to the lateral organ boundaries (LOB) fam-
ily and is like AS1 repressing KNAT1 and KNAT2, while being negatively regulated by STM
(Ori et al., 2000; Byrne et al., 2002). The mode of KNOX repression by AS1 and AS2 is proba-
bly by epigenetic regulation. Direct binding of AS1/AS2 to two sites in the promoter of KNAT1
and KNAT2 might recruit the chromatin-remodeler HIRA, forming a repressive chromatin state
(Guo et al., 2008). In mutants of the AS1 interacting histone chaperone HIRA KNAT1 is mis-
expressed (Phelps-Durr et al., 2005). Ori et al. (2000) showed that both AS1 and AS2 are not
required for KNAT1 downregulation in primordia initials but at later stages to maintain KNAT1
silencing. Additionally AS2 overexpression causes some adaxialization of leaves indicating a
role of AS2 in establishing leaf polarity (Lin et al., 2003).
Adaxial determination genes
The class III homeodomain-leucine zipper (HD-ZIP III) transcription factors PHABULOSA
(PHB), PHAVOLUTA (PHV) and REVOLUTA (REV) are adaxial determinants in leaves and
influence SAM maintenance (Fig.1.4). PHB mRNA is first detected in the whole SAM and
initiating primordia but soon accumulates in adaxial side of developing leaves (McConnell et al.,
2001). Plants ectopically expressing PHB have an enlarged SAM and show adaxialization of
leaves, with development of ectopic axillary meristems on the abaxial side of leaves (McConnell
and Barton, 1998). This indicates a meristem promoting function of adaxial identity. Similar
phenotypes were reported for gain-of-function mutants of PHV and REV (McConnell et al.,
2001; Emery et al., 2003). Homozygous loss-of-function triple mutants (phb phv rev) lack an
apical meristem and produce a single, radial, abaxialized cotyledon (Emery et al., 2003).
HD-ZIP III proteins are regulated on different levels. Their mRNAs are targeted by miRNA
165 /166, which leads to methylation of the corresponding chromosomal coding sequences and
thus silencing (Rhoades et al., 2002; Bao et al., 2004). The zinc-finger protein SERRATE (SE)
is involved in processing of pri-miR165 and pri-miR166, se loss-of-function mutants exhibit
enlarged SAMs similar to HD-ZIP III gain-of-function mutants (Grigg et al., 2005). Plants
overexpressing the small ZIP protein ZPR3 have a reduced or no SAM. This is due to direct in-
teraction of ZPR3 with HD-ZIP III proteins to forms a nonfunctional heterodimer thus reducing
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adaxial abaxial
Figure 1.4: The establishment of adaxial-abaxial polarity. Schematic representation of the antago-
nistic interactions between the adaxial determinants HD-ZIPIII and ARP, and abaxial determinants
YAB, KAN and the small RNAs miR165/miR166 which establishes a robust regulatory network. Text
and figures modified from Pulido and Laufs (2010).
levels of active HD-ZIP III (Kim et al., 2008).
Abaxial determination genes
The A. thaliana vegetative YABBY protein FILAMENTOUS FLOWER (FIL/YAB1), YABBY2
(YAB2), YAB3, and YAB5 are expressed in organ initials and the abaxial domain of developing
leaves but excluded from the central SAM (Sawa et al., 1999; Siegfried et al., 1999; Sarojam
et al., 2010). Ectopic expression of FIL and YAB3 genes leads to an abaxialization of leaves
and an arrest of the SAM, while double mutants exhibit adaxial characteristics on the abaxial
side of leaves (Sawa et al., 1999; Siegfried et al., 1999; Goldshmidt et al., 2008). A common
observation in plants with reduced YAB function is the development of ectopic meristems and
reactivated WUS and CLV3 domains, indicating that yab genes are necessary to repress meris-
tematic function in primordia (Siegfried et al., 1999; Kumaran et al., 2002; Goldshmidt et al.,
2008; Sarojam et al., 2010). Kumaran et al. (2002) showed ectopic expression of the KNOX
proteins STM, KNAT1 and KNAT2 in fil yab double mutants, which might cause ectopic meris-
tems formation. A partial rescue of stm mutants by fil loss-of-function indicates a function of
YAB upstream of KNOX.
The fil yab3 double mutant shows a disturbed inflorescence phyllotaxis with variable angles
between flowers (Goldshmidt et al., 2008). As the YAB gene is only expressed in primordia but
not in the SAM and neither the protein nor the mRNA are non-cell autonomous, it has to induce
a moving signal to influence phyllotaxis. LATERAL SUPPRESSOR (LAS, see chapter 1.1.5)
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might be a component of this signaling (Goldshmidt et al., 2008). Removal of all YAB activity
in a quadruple mutant results in a failure to restrict SAM programs in primordia. The leaf lamina
often fails to grow and leaves are radialized with mixed abaxial and adaxial identity, indicating
a complete loss of polarization. SAM organization is disturbed with no distinct L2 layer (Stahle
et al., 2009; Sarojam et al., 2010).
Stahle et al. (2009) suggested a role of YAB as transcriptional repressor. FIL, YAB3, and
YAB5 directly interact with transcriptional co-repressors LEUNIG (LUG) and LEUNIG HO-
MOLOG (LUH) as well as with the associated co-regulators SEUSS (SEU) and SEU-like (SLK1-
3). lug luh double mutants are embryo-lethal, but lug homozygous luh heterozygous plants show
a broadened SAM with L2 organization defects and an enlarged STM expression domain indi-
cating that YAB and LUG/LEU might act together to repress KNOX expression. Organ polarity
defects are enhanced in the fil yab3 lug or fil yab3 seu triple mutants in comparison to fil yab3
mutants. The seu slk2 mutant lacks a SAM indicating an essential regulatory function of this
repressor complex in initiation and maintenance of the SAM.
KANADI (KAN) genes represent a second group of abaxial determination factors. KAN1,
KAN2 and KAN3 are transcription factors expressed in the abaxial domain of organs (Kerstetter
et al., 2001; Eshed et al., 2001, 2004). While single loss-of-function mutants have only a mild
effect on leaf polarity kan1 kan2 double mutants have partially radialized, adaxialized leaves
(Kerstetter et al., 2001; Eshed et al., 2001). kan1 kan2 kan3 mutants show even more severe de-
fects with occasional ectopic meristem formation (Eshed et al., 2004). Overexpression of KAN1
or KAN2 results in radial, abaxialized leaves or complete loss of the SAM (Eshed et al., 2001;
Kerstetter et al., 2001). This suggests an incompatibility of abaxial cell fate with meristematic
function. Wu et al. (2008) established a direct connection between abaxial and adaxial cell fates.
KAN1 directly binds the promoter of AS2 and acts as a transcriptional repressor, inhibiting AS2
expression in abaxial cells. Mutation of the binding site that abolishes KAN1 binding leads to
inappropriate AS2 expression in abaxial cells, causing leaf adaxialization. Overexpression of
AS2 leads to reduced KAN1 and KAN2 levels suggesting mutual repression between abaxial
determining KAN and adaxial determining AS2.
Other primordia expressed genes influencing the SAM
HAIRYMERISTEM (HAM) was first identified in Petunia hybrida, where mutants fail to main-
tain the vegetative SAM (Stuurman et al., 2002). The SAM is used up by differentiation, which
leads to formation of ectopic trichomes in the SAM epidermis. After SAM termination expres-
sion of PhSTM is lost. HAM acts in parallel to TERMINATOR (PhWUS) and HAM mRNA
was detected in L3 layers of primordia as well as in a ring below the SAM corresponding to
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the provasculature of the stem. From unstable, mosaic mutant lines Stuurman et al. (2002) con-
cluded that HAM acts non-cell autonomously to keep cells in an undifferentiated state. The three
close A. thaliana orthologues AtHAM1, AtHAM2, and AtHAM3 are expressed in the SAM, as
well as in the root apical meristem (Engstrom et al., 2011). AtHAM1 mRNA accumulates in the
L3 and in leaf primordia. While double mutants do not differ from the wild type, Atham1,2,3
triple mutants show an arrest of axillary meristems, which carry stomata, a sign of differentia-
tion. Inflorescence meristems sometimes terminate after initiation of a few flowers. The absence
of vegetative SAM termination is probably due to the redundancy with AtHAM4, which is less
closely related to PhHAM.
The miR156 targets SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9 (SPL9) and
SPL15 negatively regulate the leaf initiation rate in the SAM, as double mutants show a short-
ened plastochron (Schwarz et al., 2008; Wang et al., 2008). Overexpression of miR156 has the
same effect (Schwarz et al., 2008). As SPL9 is expressed in primordia initials and developing
leaves but excluded from indeterminate cells it has to act non-autonomously to affect leaf initi-
ation in the SAM (Wang et al., 2008).
The complex interactions between abaxial and adaxial determination factors is shown in
Fig.1.4. The effects of all these proteins on SAM initiation and maintenance show that the SAM
is not an isolated entity but is defined by its surroundings. This offers numerous possibilities for
the SAM to be influenced by and react to developmental and external stimuli.
1.1.5 Defining the meristem/organ boundary
After initiation of lateral organs, primordia have to be separated from the meristem by bound-
aries. A distinct set of cells define the boundaries, which are characterized by strongly reduced
cell division rates and growth (Breuil-Broyer et al., 2004; Reddy et al., 2004). Several genes
have been implicated in the regulation of boundaries, summarized in Fig.1.5.
CUP-SHAPED COTYLEDON
The CUP-SHAPED COTYLEDON (CUC) proteins CUC1, CUC2 and CUC3 belong the NAC
(NAM/ATAF1,2/CUC2) transcription factor family and are indispensable for meristem/organ
border formation. They are expressed from early globular stage embryos on in the apical, cen-
tral region in a band that later separates the cotyledons in the heart stage embryo (Aida et al.,
1999; Takada et al., 2001; Vroemen et al., 2003). After initiation of the embryonic SAM CUC
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Figure 1.5: Genes controlling the separation of indeterminate (meristem) cells from determinate
cells (organ). Undiﬀerentiated cells in the meristem (red) express classI KNOX genes (STM/BP
and KNAT2); lateral organ primordia (green) concentrate auxin and express genes that promote
diﬀerentiation; boundary cells (blue) separate meristem and primordia from each other. During
embryogenesis, CUC genes are required for the activation of STM in the SAM. Once expressed, STM
downregulates CUC expression. In addition, CUC genes are negatively regulated by auxin dependent
signaling, thus restricting CUC expression to the boundary region. Three more classI KNOX genes,
BP and KNAT2 and KNAT6 (the only boundary expressed KNOX gene) are also positively regulated
by CUC. STM keeps cells in an undiﬀerentiated state by repressing AS1 and AS2 in stem cells and
their immediate derivatives. In turn, the AS1/AS2 complex promotes leaf development via repression
of KNOX genes (BP/KNAT2/KNAT6) in leaf primordia, thus allowing diﬀerentiation. Additionally,
localized auxin maxima act alongside AS1/AS2 to promote leaf development, which is also partly
dependent on BP downregulation (not shown here). Auxin distribution is dependent on polar transport
via the auxin eﬄux carrier PIN1, and auxin influx carrier of the AUX1/LAX1 family. Two members
of the LBD family, JLO and LOB, are expressed in the boundary region. JLO was shown to repress
PIN gene expression, whereas STM and BP are upregulated by induced JLO misexpression. To date,
regulators of JLO expression have not been identified (?). The function of LOB in organ development
is less understood, but its expression was shown to be induced by the AS1/AS2 complex, BP and by
BOP1/2. BOP1/2 are involved in the regulation of lateral organ cell fate and polarity via activation
of AS1/AS2 and repression of KNOX genes. Although BOP1/2 are expressed in cells adjacent to the
lateral organ boundary, they are required for expression of boundary-specific genes like LOB. Text
and figures taken from Rast and Simon (2008).
15
1.1. PLANT DEVELOPMENT
expression recedes from the central meristem to the region bordering the cotyledons, where
they probably repress proliferation. In the post-embryonic SAM CUC mRNA is detected in the
borders between the meristem and organ initials and developing primordia (Ishida et al., 2000;
Takada et al., 2001; Vroemen et al., 2003; Raman et al., 2008). Single mutants lack a distinct
phenotype, in rare cases partial cotyledon fusion was observed (Aida et al., 1997, 1999; Vroe-
men et al., 2003). At a high frequency double mutants in all combinations have completely fused
cotyledons, forming a cup-shaped structure (Aida et al., 1997, 1999; Vroemen et al., 2003). In
the rare cases where shoots and flowers are formed, stamen and sepals are often fused. This
indicates an inability to form organ boundaries and a high redundancy between CUC proteins.
Additionally, CUC genes are indispensable for formation of the SAM, as double mutants lack
a SAM and do not express STM (Aida et al., 1997; Vroemen et al., 2003). The STM, but not
KNAT1 dependent induction of adventitious shoots in leaves upon CUC1 ectopic expression
confirms a function of CUC upstream of STM (Takada et al., 2001; ichiro Hibara et al., 2003).
CUC1 and CUC2 mRNA are post-transcriptionally targeted by miR164 (Laufs et al., 2004).
Overexpression of miR164 reduces mRNA levels and phenocopies some aspects of cuc1 cuc2
double mutants. Disruption of CUC2 regulation by miR164 leads to enlarged border domains
in floral meristems. β -glucuronidase (GUS) expression from the three miR164 promoters was
not detected in the central SAM but in the meristem/primordia border region and in different
primordia layers (Raman et al., 2008). Auxin is a negative regulator of CUCs as it induces
miR164 but reduces CUC1 and CUC2 (Vernoux et al., 2000; Furutani et al., 2004; Guo et al.,
2005).
The SWI/SNF chromatin remodeling ATPases AtBRM is required for expression of all three
CUC genes in the boundary region, while the close homologue SPLAYED (SYD) only affects
CUC2 expression (Kwon et al., 2006). atbrm cucmutants show cotyledon fusions similar to cuc
double mutants. Two direct targets of CUC1 were recently identified: LIGHT-DEPENDENT
SHORT HYPOCOTYLS3 (LSH3) and LSH4 (Takeda et al., 2011). Both show the same expres-
sion pattern as cuc genes and are directly upregulated by CUC1, indicating that CUCs might act
as transcriptional activators.
LOB domain genes
The LATERAL ORGAN BOUNDARIES (LOB) protein, also called ASL4, is the founding
member of the DNA binding LOB domain gene family. LOB is expressed in the whole torpedo
embryo but then restricted to a band of cells at the adaxial base of apical organs, the bound-
ary between organ primordia and the SAM, the root tip and the base of lateral roots (Byrne
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et al., 2002; Shuai et al., 2002). Greatly reduced mRNA levels cause no phenotype indicating
redundancy with other genes but ectopic expression leads to smaller plants, leaf and flower aber-
rations and sterility (Shuai et al., 2002). The reduction in size is mainly due to reduced cell
numbers, so LOB might act in boundaries by restricting cell divisions (Shuai et al., 2002). In
as mutants LOB expression is greatly reduced, indicating a positive regulatory role of AS1/2 on
LOB (Byrne et al., 2002). Husbands et al. (2007) identified that LOB specifically binds a 6bp
DNA motif in vitro and acts as a transcriptional activator in yeast. The basic helix-loop-helix
048 (bHLH048) protein shows an overlapping expression pattern with LOB and interaction with
LOB reduces LOB binding to the DNA motif.
The LOB domain family member JAGGED LATERAL ORGANS (JLO) is indispensable in
embryo development (Borghi et al., 2007). The jlo mutation is embryo-lethal due to loss of
polarized auxin transport, caused by a severe reduction in transcription of several PIN genes,
including PIN1 (Bureau et al., 2010). JLO is expressed in organ/meristem boundaries and acti-
vates STM and KNAT1 expression (Borghi et al., 2007). Overexpression of JLO leads to lobed
leaves and floral defects reminiscent of KNOX overexpression phenotypes. A dominant negative
version causes partial cotyledon fusion.
BLADE-ON-PETIOLE
BLADE-ON-PETIOLE 1 (BOP1), a BTB/ POZ domain and ankyrin repeat-containing protein
was identified as a repressor of meristematic activity in leaf petioles (Ha et al., 2003, 2004).
Mutation of the close homologue BOP2 enhances the bop1 mutant phenotype indicating redun-
dancy between BOP1 and BOP2 proteins (Hepworth et al., 2005). In bop1 bop2 mutants or
bop1 dominant negative mutants leaf blade outgrowth from petioles is accompanied by elevated
levels of KNAT1, KNAT2 and KNAT6 in the petiole (Ha et al., 2003; Hepworth et al., 2005; Ha
et al., 2007). Ectopic outgrowths were also observed on stems and flowers indicating a more
general role of BOP1 as meristematic repressor. In addition, floral abscission zones fail to form
in double mutants (McKim et al., 2008). BOP1 expression in embryos localizes to the base of
cotyledons, later it is found in young leaf primordia and at the adaxial side of the base of leaves
(Ha et al., 2004). Overexpression of either gene phenocopies knat1 mutants, which was ex-
plained by reduced KNAT1 levels, while they are themselves repressed by STM (Venglat et al.,
2002; Ha et al., 2007; Jun et al., 2010). At the same time AS2 and LOB, but not AS1 are highly
upregulated. A less severe overexpression phenotype was observed in an as mutant background
indicating a BOP function upstream of AS1 and AS2 (Ha et al., 2007). Jun et al. (2010) reported
17
1.1. PLANT DEVELOPMENT
direct binding of BOP1 to the promoter of AS2 and both BOPs are necessary for AS2 activation.
BEL1-LIKE-HOMEODOMAIN and KNOX genes
The SAM/shoot boundary is regulated in part by the BEL1-LIKE-HOMEODOMAIN (BLH)
homeodomain protein ARABIDOPSIS THALIANA HOMEOBOX GENE1 (ATH1). This BLH
protein forms heterodimers with STM and KNAT1 (Cole et al., 2006). Although being expressed
in the whole SAM it is required for proper development of the boundary between the stem and
both vegetative and reproductive organs (Gomez-Mena and Sablowski, 2008). ATH1 negatively
regulates stem growth as overexpression leads to reduced cell proliferation a shortened inflores-
cences (Cole et al., 2006; Gomez-Mena and Sablowski, 2008).
The only KNOX gene with a boundary specific expression pattern is KNAT6 (Belles-Boix et al.,
2006). First detected in the triangular stage of the embryo between the cotyledons it is later
surrounding primordia. CUC1 and CUC2 are required for KNAT6 expression, while STM is
needed for its maintenance: weak KNAT6 expression can be found in stm mutant embryos but
is absent in seedlings. STM and KNAT6 act redundantly in SAM maintenance as the residual
meristematic activity of the stm2 allele is complete lost in an knat6 mutant background and
cotyledons are fused. This phenotype is even enhanced in stm2 knat6 cuc triple mutants.
Other genes with boundary specific expression
The LATERAL SUPPRESSOR (LAS) gene encodes a putative transcription factor belonging to
the GRAS family and is necessary for axillary meristem initiation in the vegetative phase (Greb
et al., 2003). It is first expressed in primordium boundaries but recedes during organ develop-
ment. Although the expression domain does not overlap with YAB1 expression, las mutants
enhance the yab1 phenotype and non-cell autonomous YAB3 overexpression phenotypes were
reduced in a las background (Goldshmidt et al., 2008). Ectopic YAB3 also increases LAS ex-
pression in flower meristem boundaries from 1-2 cells to 4-7 cells. Mutation of LAS in a cuc
background lead to different separation defects similar to cuc double mutants indicating overlap-
ping roles of LAS and CUC (Hibara et al., 2006). Upon reduced expression of CUC, LAS levels
are also reduced (Raman et al., 2008). Conversely, mutation of miR164, which targets CUC1
and CUC2 elevates LAS levels. This proposes a complex relationship between these boundary-
regulating genes.
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The GATA transcription factor HANABA TARANU (HAN) is expressed in the embryo in the
provascular tissue, later in vegetative and inflorescence meristem-to-organ boundaries, in vas-
cular tissues, carpels and stamen (Zhao et al., 2004). Floral organs are reduced in han mutants
and sepals are sometimes fused. In meristems the WUS expression domain is enlarged, with
the opposite effect upon HAN overexpression, where no WUS can be detected and SAMs are
reduced or absent. This indicates that HAN controls the number of WUS expressing cells. HAN
might be negatively regulated by CLV1 and CLV3, as HAN shows ectopic expression in both
mutants. This places HAN as a possible linker of boundary regulation and stem cell function.
Mutants of the MYB-domain transcription factor LATERAL ORGAN FUSION1 (LOF1)
show no aberrations in vegetative development but display defects in organ separation like fu-
sions of cauline leaves to axillary stems (Lee et al., 2009). The phenotype is enhanced upon
mutation of the close relative LOF2. LOF1 is expressed in many junctions like stem/pedicel
and adaxially between the SAM and lateral organs, but not around primordia. In the reproduc-
tive phase an overlapping function with CUC proteins was shown. Despite no phenotype of the
lof1mutation in the vegetative phase, the weak stm-10 allele was enhanced in a lof1 background.
The recently identified ORGAN BOUNDARY1 (OBO1) is expressed in SAM boundaries in
all stages from the early heart stage embryo to flower development and in the root apical region
(Cho and Zambryski, 2011). Overexpression of the nuclear localized protein leads to aberrations
in the number and identity of flower organs and some organ fusions.
1.2 KNOX proteins
KNOTTED LIKE HOMEOBOX (KNOX) proteins are homeodomain (HD) transcription factors
of the TALE superclass, characterized by three extra amino acids between helix1 and helix2 of
the HD (Vollbrecht et al., 1991; Bertolino et al., 1995). The only other TALE class in plants are
BEL1-LIKE-HOMEODOMAIN (BLH) proteins (Buerglin, 1997). KNOX proteins share two
conserved domains in addition to the HD: the ELK domain, named for highly conserved amino
acids in this region, and the MEINOX domain also found in some animal TALE proteins (see
2.2.B, Vollbrecht et al. (1991); Buerglin (1997)).
The HD, first identified in ANTENNAPEDIA in Drosophila, consists of 60 amino acids
packed in three α helices around a hydrophobic core and facilitates DNA binding (reviewed
in Gehring et al. (1994)). 63 amino acid plant TALE HDs were shown to bind specifically to
a core sequence of TGAC (Krusell et al., 1997; Sakamoto et al., 2001; Smith et al., 2002). A
second function of the HD of some KNOX proteins is cell-to-cell movement of the protein itself
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and its mRNA (see 1.2.5). In addition it takes part in interactions with other proteins (Bellaoui
et al., 2001; Hackbusch et al., 2005; Winter et al., 2007).
The MEINOX domain consists of two conserved parts and a more variable part in between
(Buerglin, 1997). It is involved in protein-protein interactions, especially with BLH TALE pro-
teins (see 1.2.6).
Little is known about the ELK domain. Nagasaki et al. (2001) suggested a role in target gene
suppression by the ELK domain of the rice KNOX OSH15. Overexpression of OSH15 with
a deleted ELK domain causes a unique phenotype not observed with other domain deletions.
Whether the ELK domain or the region between ELK domain and HD act as a nuclear localiza-
tion signal (NLS) is still unresolved. Meisel and Lam (1996) reported that the ELK domain of
KN1 is sufficient for targeting of a reporter to the nucleus, while Cole et al. (2006) detected STM
fluorescent fusion proteins in the cytosol and nuclear import was depending on heterodimeriza-
tion with BLH proteins.
According to sequence similarity and expression patterns KNOX proteins can be grouped in
two classes, I and II (Kerstetter et al., 1994). The best studied members KN1 from maize and
STM and KNAT1 from A. thaliana, together with KNAT2 and KNAT6, belong to classI, which
is expressed mainly in meristematic tissue, while classII KNOX proteins are found in diverse
other tissues (Reiser et al., 2000).
1.2.1 Maize KNOTTED1
Bryan and Sass (1941) first described the knotted1 (kn1) mutant of maize, which forms knots
on lateral veins, due to continuing cell divisions. This lack of differentiation is caused by domi-
nant gain-of-function mutations in the KN1 locus, encoding for a nuclear localize DNA binding
homeobox protein, indicating a possible function as transcription factor (Vollbrecht et al., 1991;
Smith et al., 1992). While KN1 mRNA and protein are hardly detectable in wild-type leaves,
levels are elevated in mutants, where the protein is detected in veins (Smith et al., 1992). In
wild-type plants the protein is detected in vegetative and reproductive apical meristems, where
it is downregulated in organ initials and in the ground tissue and in unexpanded stems. This
indicates that KN1 plays a role in indeterminate cells and ectopic expression of KN1 in leaf
veins causes the dominant phenotype (Smith et al., 1992). This idea was confirmed by constitu-
tive overexpression of KN1 in tobacco and A. thaliana, which causes stunted plants with lobed
leaves and sometimes formation of adventitious shoots on leaves (Fig.1.6.A, Sinha et al. (1993);
Lincoln et al. (1994)).
When the SAM becomes histologically distinguished from the rest of the embryo KN1 was
first detected (Smith et al., 1995). Depending on the genetic background, KN1 loss-of-function
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Figure 1.6: (A) Lobed leaves in A. thaliana caused by constitutive overexpression of KN1. (B)
KNAT1 mutant allele brevipedicellus with downward pointing siliques. (C) stm loss of function
mutant lacking a SAM. (D) Scanning electron microscopy picture of a seedlling with 35S driven STM
expression. Cotyledons develop normally but true leaves are soon arrest.
affects only the inflorescence and flower development or causes a severe disturbance of vegeta-
tive growth (Kerstetter et al., 1997; Vollbrecht et al., 2000). The later plants develop no or very
few leaves before abortion and lack a functional SAM already in the embryo, indicating that
KN1 is important for meristem initiation or maintenance (Vollbrecht et al., 2000).
1.2.2 KNOTTED-LIKE FROM ARABIDOPSIS THALIANA1
A protein from A. thaliana with 53% amino acid similarity to KN1 was named KNOTTED-
LIKE FROM ARABIDOPSIS THALIANA1 (KNAT1), also called BREVIPEDICELLUS (BP)
(Lincoln et al., 1994). In situ hybridization showed a similar expression pattern of both genes in
the vegetative meristem: in the peripheral and rib zone and adjacent to developing vasculature,
but not in primordia or initials. After induction of flowering KNAT1 expression is downregulated
and restricted to the cortex in the stem and pedicels. In flowers expression was only detected
in the forth whorl, in the style surrounding the transmitting tube (Lincoln et al., 1994). In
the embryo KNAT1 expression was first observed in the heart stage in the SAM and extended
into the hypocotyl in mature seedlings (Venglat et al., 2002). Overexpression of both KN1 and
KNAT1 in A. thaliana causes similar aberrations. Leaves are irregularly lobed and wrinkled and
flower organs show elongation defects (Lincoln et al., 1994). In some plants ectopic meristems
develop adaxially in leaf sinuses, which are the least developed part of a leaf and thus might be
most susceptible to ectopic KNAT1 (Chuck et al., 1996). After a layered meristem structure is
formed, STM is expressed in these meristems. This indicates that KNAT1 is sufficient to induce
ectopic meristems.
Loss-of-function alleles of knat1 also named brevipedicellus (bp) show reduced stem and
pedicel elongation, reduced apical dominance and downward pointing flowers due to cell or-
ganization and differentiation defects, especially in the abaxial region of pedicels (Fig.1.6.B,
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Koornneef et al. (1983); Douglas et al. (2002); Venglat et al. (2002)). On the style in the flower
the arrangement of stigmatic papillae is altered (Venglat et al., 2002).
1.2.3 SHOOTMERISTEMLESS
Loss of function mutants of stm (stm-1) do not form a SAM, which is first evident in the bent-
cotyledon stage, where SAM specific, small, densely staining cells are missing (Fig.1.6.C, Bar-
ton and Poethig (1993)). STM is a KNOX classI protein with 47% amino acid identity to KN1
(Long et al., 1996). Expression was first detected in the globular stage as a strip between future
cotyledons. In all shoot apical meristems (vegetative, axillary, inflorescence and floral) mRNA
was detected, but always excluded from organ initials or primordia (Fig.1.2.A). Expression was
also found in stem tissue and in carpels in two ridges at the center of the gynoecium, where
ovules later develop. The expression pattern and mutant phenotype indicate that STM is essen-
tial for meristem initiation and maintenance and might keep cells in an undifferentiated state. An
observation of stmmutant allelic series showed that severe mutants (stm-5) have fused cotyledon
petioles, probably because the SAM that would separate them is missing (Endrizzi et al., 1996).
Some of these plants form adventitious shoots, which are soon terminated. Weaker alleles (stm-
2, stm-6) have a reduced SAM, which is used up in the formation of several, often fused leaves.
If flowers are developed, organ numbers are reduced and often fused and carpels are missing.
wus mutants in this background show an additive phenotype (Endrizzi et al., 1996). In embryo
development WUS and STM initiation are also independent of each other (Mayer et al., 1998).
In wus mutants STM is detected in the embryo, and in stm mutants WUS is expressed, both
expressions are lost in the seedling. This indicates that in both mutants some meristematic cells
do form, but are not maintained and developed into a functional SAM.
Overexpression of STM leads to induction of KNAT1 and KNAT2, a loss of cell growth and
differentiation in leaves and finally growth arrest (Fig.1.6.D, Gallois et al. (2002)). Cyclin mark-
ers indicate that the cell division machinery is activated but does not progress to mitosis. To
induce ectopic outgrowth the combined activity of STM and WUS are needed. STM overex-
pression during flower development leads to induction of ectopic carpels, probably by inducing
KNAT2 (Scofield et al., 2007). Upon STM downregulation in flowers carpel development is
disturbed or completely lost.
1.2.4 Redundancy of KNOX classI proteins
In stmmutants lacking a SAMmeristem activity can by partially restored by as1 loss-of-function
(Byrne et al., 2000). Mutation of KNAT1, but not KNAT2 in this background abolishes the
partial rescue (Byrne et al., 2002). This indicates that while being repressed by AS1 in the
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stm single mutant, functional KNAT1 in as1 stm double mutants acts partially redundant to
STM in SAM initiation and maintenance. In floral meristems endogenous KNAT1 is not able to
substitute for STM, as the double mutants do not produce flowers. Mutations in both KNAT1 and
KNAT6, a boundary specific gene (see 1.1.5), enhance mild stm mutant phenotypes indicating
redundancy (Byrne et al., 2002; Belles-Boix et al., 2006). While ectopic expression of KNAT1
is able to substitute meristematic STM functions, overexpression of STM does not abolish the
bp phenotype (Kim et al., 2003; Scofield et al., 2007, 2008). STM activity in carpel development
is redundant with KNAT2, which restores carpel formation in mild stm mutants (Scofield et al.,
2008).
1.2.5 Cell-to-cell movement of KNOX proteins
Jackson et al. (1994) first detected the KN1 protein outside of its expression domain. It has
the ability to increase the plasmodesmal size exclusion limit (SEL) and to move itself and its
RNA into neighboring cells in microinjection studies (Lucas et al., 1995). Kragler et al. (1998)
showed that protein unfolding is necessary for KN1 trafficking an proposed a three-step model
for transport. First, targeting of KN1 to plasmodesmal receptors. Second, increase of the SEL
and third, protein unfolding and transport into a neighboring cell. While limited movement of
the KN1 protein is still possible when an increase in SEL is blocked, RNA transport through
undilated plasmodesmata is completely abolished (Kragler et al., 2000).
Expression of GFP-KN1 in some, but not all tested A. thaliana tissues allowed movement into
surrounding tissues, indicating tight, tissue specific regulation of KN1 cell-to-cell movement
(Kim et al., 2002, 2003). Expression of KN1, STM or KNAT1 in the L1 layer in the SAM
allowed movement into L2 and L3 layers and was able to partially rescue stm mutants (Kim
et al., 2003). In the trichome rescue system the cell autonomous GLABROUS1 (GL1) protein
is fused to KNOX proteins and expressed sub-epidermally in trichome-less gl1 mutants (Kim
et al., 2005). If the fused KNOX protein is capable of cell-to-cell movement into the epidermis,
the GL1 fusion protein induces there trichome formation. This assay showed that the HDs of
KN1, STM and KNAT1 are necessary and sufficient for trafficking, also of their own mRNA,
while the other KNOX classI proteins KNAT2 and KNAT6 do not rescue trichome formation.
1.2.6 Interaction of KNOX and BLH proteins
Similar to animals, where heterodimer formation between members of two TALE-homeodomain
classes MEIS and PBC are functionally important, interaction between KNOX and BLH TALE-
homeodomain proteins plays an important role in plants. Bellaoui et al. (2001) first showed
specific interactions of the BLH protein BEL1 with STM, KNAT1, KNAT2 and KNAT5. These
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interactions depend on the MEINOX domain of the KNOX proteins and the SKY and BELL
domain of BEL1, although the homeodomain confers specificity to these interactions (Bellaoui
et al., 2001; Smith et al., 2002). A consequence of KNOX/ BLH interaction is nuclear import
of the heterodimer (Bhatt et al., 2004; Cole et al., 2006). Once inside the nucleus the complex
shows, in comparison to the single proteins, an increased affinity in binding to the core DNA
sequence TGAC, which was previously identified to bind animal MEIS proteins (Chang et al.,
1997; Sakamoto et al., 2001; Smith et al., 2002; Chen et al., 2004).
The functional relevance of these interactions was confirmed by different mutants. Repres-
sion of the potato GA20ox1 gene by binding of the BLH/KNOX complex StBEL5/POTH1 to
the regulatory region is abolished by mutations, which allow binding of only one of the partners
(Chen et al., 2004). Overexpression of the BLH interacting MEINOX domain of STM causes
a dominant negative phenotype probably by depleting interactions partners from endogenous
STM (Markel et al., 2002). The phenotype of the loss-of-function BLH9 allele pennywise (pny)
is similar to the bp mutant of its interaction partner KNAT1, while double mutants show syner-
gistic effects (Smith and Hake, 2003; Bhatt et al., 2004). BLH9 also interacts with STM and pny
enhances mild stmmutations (Bhatt et al., 2004). Kanrar et al. (2006) used different stm, bp, pny
and pnf (poundfoolish - BLH8 mutants) combinations to show overlapping and separate func-
tions of different heterodimer complexes. Recently ATH1 was identified as a third BLH partner
of STM, KNAT1 and KNAT6 with partially redundant function to BLH8 and BLH9 (Rutjens
et al., 2009). Triple mutants of these BLH genes phenocopy stmmutants. These specific interac-
tions between several KNOX and BLH proteins, together with partially overlapping expression
domains suggests that different heterodimers have different functions.
1.2.7 KNOX regulation by direct interaction
A novel class of MEINOX domain proteins without a homeodomain was identified in A. thaliana
and tomato (Magnani and Hake, 2008; Kimura et al., 2008). These proteins called KNATM and
PTS respectively, interact with specific KNOX and BLH proteins and show a polar expression
pattern in primordia and leaves. PTS suppresses KNOX/BLH interactions and nuclear localiza-
tion of its BLH interaction partner (Kimura et al., 2008). For KNATM antagonistic interaction
with SAW1 and synergistic interaction with BP was shown (Magnani and Hake, 2008). In both
species these novel proteins might act as regulators by binding to either KNOX or BLH proteins
and thus inhibit KNOX/BLH heterodimer formation and nuclear import.
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OVATE FAMILY PROTEINS
A large scale screen for TALE interaction partners revealed the OVATE FAMILY PROTEINS
(OFP) as important partners of both KNOX and BLH proteins that probably interact with the HD
(Hackbusch et al., 2005; Li et al., 2011). OFP1 acts as a transcriptional repressor of ga20ox1,
which is also targeted by KNOX proteins (Smith et al., 2002; Chen et al., 2004; Wang et al.,
2007). Decreased gibberelic acid levels in OFP1 overexpression plants probably cause stunting
of plants due to reduced cell elongation (Hackbusch et al., 2005; Wang et al., 2007). Hack-
busch et al. (2005) detected localization of OFP1 fluorescent fusion proteins to the nucleus and
microtubules and relocalization of TALE proteins from the nucleus to microtubules. Contrary,
Wang et al. (2007) and Wang et al. (2010) reported exclusively nuclear localization. A possible
function of OFP1 in pollen proposed by Hackbusch et al. (2005) was not confirmed by others.
Instead, OFP1 might also be involved in DNA damage repair (Wang et al., 2010). Both OFP1
and OFP4 interact with KNAT7 in transcriptional repression during secondary cell wall forma-
tion (Li et al., 2011). OFP5 might suppress ectopic formation of BLH1/KNAT3 heterodimers in
embryo sac development (Pagnussat et al., 2007).
In addition TALE proteins might regulate each other. Kumar et al. (2007) reported negative
regulation of KNAT1 by its interaction partners BLH2 (SAW1) and BLH4 (SAW2).
MOVEMENT PROTEIN BINDING PROTEIN 2C
The movement protein (MP) of tobacco mosaic virus (TMV), a tobamovirus, is indispensable
for viral cell-to-cell movement via plasmodesmata, an essential step in viral infections. MOVE-
MENT PROTEIN BINDING PROTEIN 2C (MPB2C) was identified in a N. tabacum cDNA li-
brary in a membrane based yeast two-hybrid interaction screen with TMV-MP as a bait (Kragler
et al., 2003). Endogenous NtMPB2C localizes to microtubules, while overexpressed NtMPB2C
also forms clusters in their proximity (Kragler et al., 2003). Transient expression of MPB2C
in N. tabacum limits plasmodesmal localization of TMV-MP and causes a relocalization to mi-
crotubules, where it colocalizes with NtMPB2C (Kragler et al., 2003). In biolistic bombard-
ment experiments MPB2C inhibits cell-to-cell movement of TMV-MP indicating a negative role
of MPB2C in viral cell-to-cell movement (Kragler et al., 2003). Silencing of MPB2C in N.
benthamiana has no effect on MP movement or spread of viral infections and microtubule-
associated localization of fluorescently tagged TMV-MP is nearly abolished (Curin et al., 2007).
Overexpression of MPB2C in A. thaliana reduces infection efficiency of oilseed rape mosaic
virus, a tobamovirus closely related to TMV (Ruggenthaler et al., 2009).
Winter et al. (2007) identified the plant KNOX homeodomain proteins KN1 and STM as plant
interaction partners of MPB2C. In contrast to BLH proteins, which interact with the KNOX
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Fi ur 1.7: KNOX gene regulatory network. Ups r am egulators control the expression of knotted1-
lik ho obox (KNOX ) genes. KNOX proteins function as heterodimers with BELL protein co-factors
to activate or repress target genes, thus producing a cellular read-out. The mechanistic basis for KNOX
gene regulation is either direct, mediated through chromatin modifications, or is unknown (figure key).
KNOX proteins directly bind to promoters of the biosynthetic gene GA 20-oxidase1 (GA20ox1) and the
catabolic gene GA 2-oxida e1 (GA2ox1 ) to r duce gibberellin (GA) levels, and the lignin biosynthetic
genes caﬀeic acid-O-methyltransferase1 (COMT1 ), caﬀeoyl-CoA O-methyltransferase (CCoAOMT )
and A. thaliana peroxidase12a (AtP12a) to reduce lignin levels. KNOX proteins activate the biosyn-
thetic gene ISOPENTENYL TRANSFEREASE7 (IPT7) to increase cytokinin (CK) levels. KNOX
proteins probably regulate these target genes as KNOX-BELL heterodimers, and this activity is antag-
onized by the interaction of mini-KNOX proteins with BELL partners (see key). Abbreviations: AS1,
ASYMMETRIC LEAVES1; BELL, BEL1-like homeodomain family; BOP1, BLADE-ON-PETIOLE1;
CUC, CUP-SHAPED COTYLEDON; H3K27me3, trimethylation of histone H3 at lysine 27; HIRA, hi-
stone regulatory protein A; JLO, JAGGED LATERAL ORGANS; PRC2, polycomb repressive complex
2; SAW, SAWTOOTH; YAB, YABBY. Text and figure taken from Hay and Tsiantis (2010).
MEINOX domain, MPB2C interaction is mediated by the KNOX HD and causes relocalization
of KN1 to microtubules. In both biolistic bombardment and microinjection experiments MPB2C
stops KN1 from moving to neighboring cells. In the trichome rescue system, which links cell-
to-cell movement of KNOX proteins to development of trichomes (Kim et al., 2005), MPB2C
inhibits trichome formation by abolishing plasmodesmal localization and movement of the KN1-
rescue construct (Winter et al., 2007). The promoter of MPB2C is active in young tissues like
leaf primordia, the shoot and root apical region, and carpels (Winter et al., 2007).
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1.2.8 Other KNOX regulators
Many mechanisms of KNOX regulation are involved in leaf development (Fig.1.7). AS1 and
AS2 directly bind two sites in the promoter of KNAT1 and probably recruit the chromatin-
remodeler HIRA (see 1.1.4, Phelps-Durr et al. (2005); Guo et al. (2008)). This might form a
repressive chromatin state to maintain inhibition of KNAT1 expression in leaves. Initial down-
regulation on KNAT1 in primordia is independent of AS (Ori et al., 2000). On the other hand,
AS1 is repressed by STM (Byrne et al., 2002).
The abaxial determining YABBY genes are probably repressors of knox genes, as fil yab dou-
ble mutants ectopically express STM, KNAT1 and KNAT2 (see 1.1.4, Kumaran et al. (2002)).
YABBY might act as transcriptional repressor by binding to the transcriptional corepressors
LUG and LUH as well as to the associated coregulators SEU and SLK1-3 (Stahle et al., 2009).
Different double mutants of these corepressors and coregulators have SAM organization defects
or completely lack a SAM.
Epigenetic regulation of KNOX gene expression via polycomb proteins was first proposed
by Katz et al. (2004). They showed upregulation of KNOX proteins in CURLY LEAF (clf )
and FERTILIZATION-INDEPENDENT ENDOSPERM (fie) mutants, which are both polycomb
group (PcG) proteins. STM was identified as a direct target of the methyltransferase CLF and
carries dispersed histone H3 lysine27 trimethylation (H3K27me3) marks in leaves, where it is
suppressed (Schubert et al., 2006). Mutation of CLF and the homologous SWINGER (SWN)
results in loss of H3K27me3 marks in STM and strong STM expression indicating that CLF and
SWN might act together in a polycomb repressive complex2 (PRC2). Two redundant and in-
teracting RING proteins, AtRING1a and AtRING1b, are thought to form a PRC1-like complex
with LIKE HETEROCHROMATIN PROTEIN1 (LHP1), which binds to H3K27me3 (Xu and
Shen, 2008). In the current model CLF sets H3K27me3 marks as part of the PRC2 complex,
which are then recognized by LHP1 in the PRC1-like complex, leading to transcriptional repres-
sion of KNOX genes.
Another possibility of KNOX regulation is via conserved non-coding sequences (CNS). In
the KN1 gene a CNS cluster was identified in the first intron, which might repress expression, as
insertion mutants in this region show a gain-of-function phenotype (Greene et al., 1994; Inada
et al., 2003). A comparison of STM orthologous genes from different species identified the
K-box in the promoter region as necessary for continuing STM gene repression in developing
leaves, but not in SAM function or initial STM protein downregulation in primordia (Uchida
et al., 2007). Deletion of the K-box leads to an as1 phenotype with an increased expression
domain of STM. This causes reduced AS1 levels, which promotes ectopic KNAT1 expression.
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Auxin and polar auxin transport via PIN proteins, see 1.1.3, are involved in KNOX down-
regulation in organ primordia (Scanlon, 2003; Hay et al., 2006). While the KNAT1 expression
domain is enlarged in pin1 mutants, bp mutation in this background partially rescues organ de-
velopment, indicating that KNOX repression is an important function of auxin (Hay et al., 2006).
Whether KNAT1 is a direct target of auxin signaling remains to be analyzed.
The regulation pathways described above mainly function to downregulate KNOX expression
in organ primordia and leaves. In addition, CUC genes are involved in KNOX regulation (see
1.1.5). CUC acts upstream of STM and is expressed prior to STM in the embryo, before over-
lapping in the organ boundary region (Aida et al., 1999; Takada et al., 2001; Heisler et al., 2005).
cuc double mutants lack a SAM and do not express STM (Aida et al., 1997, 1999).
Other boundary establishing proteins that might play a role in KNOX regulation are JLO,
which activates STM and KNAT1 expression, and BOP proteins downstream of STM, as KNAT1,
KNAT2 and KNAT6 repressors (Borghi et al., 2007; Ha et al., 2003, 2007; Jun et al., 2010). This
repression by BOP might by an indirect effect of AS2 upregulation by BOP, which in turn neg-
atively regulates KNOX genes.
1.2.9 KNOX targets
Not many direct targets of KNOX proteins have jet been identified. Sakamoto et al. (2001)
first proposed direct suppression of the gibberellin biosynthesis gene NTC12, coding for a GA
20-oxidase, by the KNOX protein NTH15. In vitro assays identified a sequence for KN1 DNA
binding (TGACAG (G/C)T) (Smith et al., 2002). In potato direct binding of the StBEL5/POTH1
heterodimer to TGAC in the regulatory region of the GA20ox1 gene represses expression (Chen
et al., 2004). With a mutated promoter region that binds only one of the two proteins down-
regulation is abolished. The maize KN1 binds to an intron in GA20ox1, which encodes a GA-
inactivating enzyme and is probably activated (Bolduc and Hake, 2009). Two TGAC motifs are
found in this region and are both necessary for KN1 binding. Direct binding was also shown
for A. thaliana KNAT1 to the promoters of three lignin biosynthesis genes, which are upregu-
lated in bp mutants and downregulated upon KNAT1 overexpression (Mele et al., 2003). These
targets include both up- and downregulated genes but they are all regulated to keep cells in an
undifferentiated state, as both gibberellins and lignin are associated with tissue differentiation
processes.
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1.3 KNOTTED1 BINDING PROTEIN1
KNOTTED1 BINDING PROTEIN 1 (KNB1) was identified in a yeast two-hybrid interaction
screen with full-length KN1 as a bait. The screened cDNA library had been obtained from the
Nicotiana tabacum BY-2 cell line, fast growing cells with a high cell division rate. Subsequently
the isolated Nicotiana tabacum NtKNB1 was also found to interact with STM, KNAT1 and
MPB2C. KNB1 did not interact with other non-cell autonomous proteins like TMV-MP, the MP
of cucumber mosaic virus, LEAFY and SHORTROOT (Kragler et al., unpublished data).
In silico analysis revealed a coiled-coil domain as the only structural motif but no other sig-
nificant structural features or similar proteins encoded by the A. thaliana genome. Upon overex-
pression of fluorescently tagged AtKNB1 from a 35S promoter the protein seemed to localize to
nuclei (Kragler et al., unpublished data). GUS expression driven by the AtKNB1 promoter was
detected in the shoot apical region, in the root tip, in cotyledons and young leaves, especially in
the vasculature, and carpels (Kollwig, 2010). In bombardment and microinjection experiments
fluorescently tagged KNB1 showed active cell-to-cell movement capacity. Transient coexpres-
sion of fluorescently tagged KNB1 and KNOX proteins indicated a destabilizing effect of KNB1
on its interaction partners (Kragler et al., unpublished data).
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2 Results
2.1 KNB1 is a novel interaction partner of TALE proteins
2.1.1 In silico analysis of KNB1
Database searches (http://www.ncbi.nlm.nih.gov/BLAST) with the NtKNB1 protein se-
quence reveal that it is derived from a single copy gene, with only one orthologue in Ara-
bidopsis (A.) thaliana named AtKNB1 (Fig 2.1). Also in other plant species like rice (Oryza
sativa) and maize (Zea mays) only one orthologous protein can be found. In early vascular
plants (Selaginella moellendorffii) and mosses (Physcomitrella patens), KNB1 orthologues are
also present. No significant similarity to proteins from other kingdoms was found, indicating
that KNB1 is a plant specific protein.
The protein sequence of AtKNB1 was analyzed for the presence of known domains and mo-
tifs. Several domain prediction sites (e.g. http://smart.embl-heidelberg.de/ or http:
//www.ch.embnet.org/software/COILS_form.html) indicated the presence of a coiled-coil
domain (Fig. 2.2.A top panel). This coiled-coil domain might be essential for KNB1 function,
as it shows a high proportion of conserved amino acids between species (compare Fig 2.1). In-
terestingly, a putative cyclin interaction site was also identified (http://elm.eu.org/). No
other domains were found that could hint to a possible function of KNB1.
AtKNB1 was also tested for interaction with all A. thaliana TALE proteins by our collabora-
tion partners Valerie Mach and Joachim Uhrig (Department of Botany, University of Cologne,
Germany). They could show that in addition to STM and KNAT1, AtKNB1 also interacts with
KNAT3, BLH1 and BLH6. To summarize, KNB1 is a previously undescribed protein with un-
known function that interacts with a limited number of KNOX and BLH proteins.
2.1.2 The MEINOX domain of KNOX proteins facilitates interaction with
KNB1 in yeast
To answer the question, which domain(s) of KNOX proteins are necessary and/or sufficient for
interaction with KNB1, the yeast-two-hybrid system was applied (Chien et al., 1991). Here the
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Figure 2.1: Multiple protein sequence alignment of KNB1 orthologues from diﬀerent species. Se-
quences were aligned with ClustalW2 - Multiple Sequence Alignment and processed with Jalview - a
multiple alignment editor. Amino acids with at least 50% identity are shown in color.
readout of KNB1 interaction was highest with KNAT1 and weaker with KN1 and STM (Kragler
et al., unpublished data), so the KNOX classI protein KNAT1 was chosen for detailed domain
analysis. Thus different protein deletion constructs of KNAT1 and KNB1 were designed.
We assigned KNAT1 domains based on previously described KN1 domains (Winter et al.,
2007). The MEINOX domain spans amino acids 133 to 236, followed by the ELK domain from
amino acid 279 to 293 and the nuclear localization signal (NLS) from 300 to 309 (Fig 2.2.B).
The C-terminal homeodomain (HD) includes amino acids 317 to 376. The 106 amino acid N-
terminally truncated protein gave rise to KNAT1∆N, in the construct named KNAT1∆MEINOX
both the N-terminus and the MEINOX domain were deleted. In KNAT1∆ELK amino acids 254
to 293 are missing, for KNAT1∆NLS amino acids 294 to 316 were removed. KNAT11∆HD is an
N-terminally truncated protein lacking the last 82 amino acids (317 to 398) and in KNAT1∆ELK
NLS HD only amino acids 1 to 253 were included.
For the relatively small, 140 amino acids long KNB1 only two variants were designed: one
comprising of the coiled-coil (cc) domain (amino acids 50 to 128) and another named ∆core
coiled-coil (∆core cc) where the central part of the coiled-coil domain was deleted (Fig 2.2.A).
Removal of the whole coiled-coil domain was omitted, as this would have removed most of the
protein and was thus unlikely to show any interaction.
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Figure 2.2: Schematic representation of protein domains. Numbers indicate amino acid positions,
lines deleted parts of the protein. (A) KNB1 full-length protein and deletion variants. (B) KNAT1
domain structure and deletion constructs.
These deletion constructs, together with the full-length proteins were analyzed for interac-
tion in the GAL4 based MatchmakerTMyeast two-hybrid system (Chien et al. (1991), Clontech).
KNAT1 and variants were cloned into the pGADT7 vector, giving rise to GAL4 activation do-
main (AD) fusion proteins. Constructs were transformed into yeast strain Y187 (mating type α),
allowing for growth on medium lacking leucine (-Leu). The pBRIDGE vector was chosen for
KNB1 GAL4 binding domain (BD) fusions, which were transformed into yeast strain AH109
(mating type a), then grown on medium lacking tryptophan (-Trp). Four independent colonies
of each construct were used in all the following steps. An interaction matrix was obtained via
mating and colonies carrying both plasmids selected for on -Leu-Trp medium. Colonies were
growing evenly on this double selective medium (Supplemental Fig.5.1). Interaction of the an-
alyzed proteins activates the production of histidine, allowing for growth on -His medium as a
readout. For this, colonies were transferred to medium lacking His, Trp and Leu.
Fig.2.3 suggests that there was no auto-activation of the His reporter system by KNB1 and
KNAT1: in combination with empty vectors (first column and first lane) the different variants
did not show significant growth on selective medium lacking His. Strong interaction/growth was
observed between full-length KNB1 and full-length KNAT1. The coiled-coil domain of KNB1
is sufficient for interaction with KNAT1, as the truncated KNB1 cc protein mediated a similar
growth rate as the full-length KNB1 construct (Fig.2.3 3rd lane). Removal of the central part of
the coiled-coil domain (KNB1∆core cc) abolishes interaction completely, making this domain
not only sufficient, but also necessary for interaction with KNAT1 in yeast.
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Figure 2.3: Yeast two-hybrid interaction of KNAT1 and KNB1 and variants described in Fig.2.2.
Four independent colonies of each combination were tested for growth on medium lacking His, thus for
interaction. The same results were obtained in 3 completely independent experiments. The MEINOX
domain of KNAT1 and the coiled-coil domain of AtKNB1 are necessary and suﬃcient for interaction.
BD: GAL4 binding domain, AD: GAL4 activation domain.
In case of KNAT1, only the removal of the MEINOX domain abolished binding to full-length
KNB1. All other domains are dispensable for interaction in yeast: the ELK, NLS and HD can be
omitted without abolishing growth. Only removal of the NLS slightly reduces interaction output.
KNAT1∆N and ∆ ELK NLS HD, which have only the MEINOX domain in common, are both
able to interact as strong as the full-length protein. In combination with only the coiled-coil
domain of KNB1 the same results were obtained as for full-length KNB1. As with full-length
KNAT1 the KNB1∆core cc shows no growth at all.
To confirm these results the whole experiment was repeated twice with four independently
transformed colonies. Interactions were also analyzed with other interaction markers such as β -
GAL staining and red color (ADE marker) in addition to growth on -His medium. The outcome
of all assays was consistent: the MEINOX domain of KNAT1 and the coiled-coil domain of
KNB1 are necessary and sufficient for interaction (Supplemental Fig.5.2, 5.3 and 5.4).
2.1.3 KNOX proteins and KNB1 interact in plants
To test KNOX and KNB1 protein interaction in plants, co-immunoprecipitations (Co-IPs) were
established. To detect KNB1 protein in the assay an anti-KNB1 rabbit antibody (α-KNB1 AB)
was previously made against a peptide resembling the C-terminal 21 amino acids of KNB1 (see
chapter 4.4.4). As a first step the specificity of the α-KNB1 AB had to be tested. For this purpose
a 35S::AtKNB1-GFP fusion was transiently expressed: Nicotiana (N.) benthamiana wild-type
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Figure 2.4: (A) Testing of α-KNB1 antibody. The proteins indicated on top were expressed in N.
benthamiana and protein extracts analyzed on a western blot. The blot was first incubated with
α-GFP AB and after stripping with α-KNB1 AB. Both antibodies are able to detect AtKNB1-GFP.
(B) Western blot of Co-IP with α-GFP beads. AtKNB1-RFP can be pulled down with KN1-GFP but
is not detected in the IP eluate of an ER-GFP expressing control.
plants and transgenic plants harboring ER-targeted GFP (ER-GFP, line 16c from Ruiz et al.
1998) as a positive control were Agrobacterium (A.) tumefaciens infiltrated with this construct.
Expression was confirmed by confocal laser scanning microscopy and protein extracts analyzed
by western blotting. As a negative control non-infiltrated leaf tissue was included.
An anti-GFP antibody (Roche) did not detect any proteins in the wild-type, uninfiltrated
(mock) sample (Fig.2.4). In protein extracts from wild-type plants expressing AtKNB1-GFP
one band at a size of approximately 55kDa could be detected, which corresponds to a calculated
molecular weight of AtKNB1-GFP of 47kDa. In the ER-GFP expressing positive control sample
an additional protein with a molecular weight below 35kDa was observed, which is in line with
the expected size of ER-GFP (27kDa). After stripping and re-probing the blot with α-KNB1 AB
a band with the same size as detected with the anti-GFP antibody was found. This band could be
detected in samples from both AtKNB1-GFP infiltrated wild type and the ER-GFP expressing
N. benthamiana leaves. In the uninfiltrated sample no proteins were detected and no additional
background was observed in any sample. Thus, the α-KNB1 AB is highly specific for AtKNB1
in N. benthamiana infiltrations.
For the Co-IP fluorescently tagged proteins were transiently expressed from a 35S promoter
in N. benthamiana plants after A. tumefaciens mediated infiltration. KN1 was N-terminally
tagged with GFP (35S::KN1-GFP), while AtKNB1 was co-expressed as a C-terminal RFP fu-
sion protein (35S::AtKNB1-RFP). As a negative control 35S::AtKNB1-RFP was introduced into
ER-GFP expressing N. benthamiana plants. The presence of the fusion proteins was confirmed
by microscopy. GFP-Trap beads (Chromotek, see chapter 4.4.6) were used for binding of KN1-
GFP or ER-GFP from plant lysates derived from co-expressing leaves. After several washing
steps bound protein was recovered by boiling in SDS-PAGE loading buffer. Samples from dif-
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Figure 2.5: Co-IP with α-GFP beads. In addition to AtKNB1-RFP the proteins indicated above the
lanes were co-expressed. (A) Coomassie staining confirms similar total protein levels, a western blot
with α-KNB1 AB comparable levels of AtKNB1-RFP in the input. All tested KNOX proteins bind
AtKNB1-RFP. (B) Amounts of lysate and eluate loaded on the western blot were adjusted according
to GFP/YFP fluorescence levels in the input. YFP-KNAT1∆HD pulls AtKNB1-RFP as eﬃciently as
the full-length protein while YFP-KNAT1∆MEINOX recovers only little amounts of AtKNB1-RFP.
ferent steps of the Co-IP were analyzed with α-KNB1 AB for the presence of AtKNB1-RFP
(Fig.2.4.B).
In the lysate (input) of KN1-GFP/AtKNB-RFP co-expressing samples one protein with a
molecular weight below 53kDa is recognized by α-KNB1 AB, corresponding to AtKNB-RFP
(43kDa). In the washing fractions AtKNB1-RFP is not present, but in the eluate the fusion pro-
tein can be detected. This indicates that AtKNB1 can be pulled down with KN1-GFP, which
confirms interaction between these two proteins in plant cells. Despite much higher levels of
AtKNB1-RFP in the input of the ER-GFP control Co-IP and detectable protein in the first wash,
no AtKNB1-RFP band shows up in the eluate. Thus, binding of AtKNB1-RFP to KN1 is not
due to unspecific binding of AtKNB1-RFP to the GFP part of KN1-GFP.
As KN1 is a protein from maize, in the next step I confirmed KNB1 interaction with the or-
thologous A. thalianaKNOX proteins KNAT1 and STM. These proteins were co-expressed with
AtKNB1-RFP in N. benthamiana leaves as N-terminal YFP fusion proteins (YFP-KNAT1, YFP-
STM). Also, ER-GFP/AtKNB1-RFPwas included as a negative control and KN1-GFP/AtKNB1-
RFP as a positive control. As depicted in the Coomassie staining of an SDS-PAGE gel in
Fig.2.5.A the inputs of all IPs show approximately the same amounts of total protein (Fig.2.5.A).
In addition the levels of AtKNB1-RFP in the inputs are roughly similar. As before, AtKNB1-
RFP is not pulled down by ER-GFP but can be detected after Co-IP with KN1-GFP. From
both plant extracts expressing either STM-YFP/AtKNB1-RFP or KNAT1-YFP/AtKNB1-RFP
AtKNB1 is present in the final eluates. This confirms in planta the interaction between AtKNB1
and the A. thaliana KNOX proteins KNAT1 and STM.
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Finally, Co-IPs were used to show the specificity of AtKNB1 interaction with the MEINOX
domain of KNAT1. Deletion variants KNAT1∆MEINOX and ∆HD as used in the yeast two-
hybrid interaction analysis (Fig.2.2.B) were cloned into the same vector as KNAT1, giving
rise to 35S::YFP-KNAT1∆MEINOX and 35S::YFP-KNAT1∆HD. They were co-expressed with
AtKNB1-RFP, like the KNAT1 full-length protein, which was included for comparison. GFP/
YFP fluorescence was measured in the input to obtain comparable levels of the fusion proteins.
The amounts of input and eluate analyzed on the western blot were adjusted according to these
measurements. The total amounts of protein in the lysate and also AtKNB1-RFP levels were
comparable (Fig.2.5.B). As in all previous Co-IPs, AtKNB1-RFP does not bind to ER-GFP. The
interaction with full-length KNAT1 leads to a strong AtKNB1-RFP signal on the western blot.
While the AtKNB1-RFP band for the Co-IP with YFP-KNAT1∆HD is as strong as for the full-
length protein, in a Co-IP with the KNAT1∆MEINOX variant KNB1-RFP is barely detectable
on western blots.
Summarized the Co-IP experiments confirmed in planta the yeast two-hybrid assay results.
Not only the maize KNOX protein KN1, but also A. thaliana KNOX proteins STM and KNAT1
pull down KNB after transient coexpression in tobacco. As in the yeast two-hybrid system, the
MEINOX domain of KNAT1, and not the HD, is responsible for interaction with AtKNB1 in
tobacco plants.
2.2 Attempting overexpression and down-regulation of
KNB1
Overexpression and down-regulation of genes is a popular tool to gain knowledge about the
function of a protein. Both approaches were taken to reveal a potential function of KNB1 in A.
thaliana.
2.2.1 35S:: overexpressed KNB1 shows a nuclear localization
A. thaliana (Col0 ecotype) lines overexpressing KNB1 from the Cauliflower mosaic virus 35S
promoter were studied, which were previously generated by Gregor Kollwig in the laboratory.
KNB1 was tagged either with GFP or RFP. The A. thaliana transgenic KNB1-GFP lines were
named ‘B2’and three independent lines were established. Notably none of these showed stable
expression of KNB1-GFP in the 3-4 generations I analyzed. An example for a single, mature
plant that did express KNB1-GFP can be found in Fig.2.6.A (B2.4.9D). This plant shows no
notable differences in comparison to the wild-type Col0 on the left.
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Figure 2.6: Wild-type (Col0) and KNB1 overexpression plants. Line B2.4.9D carries 35S::KNB1-
GFP and 35S::KNB1-RFP was introduced into line J7.9.11 (A) Mature plants. Overexpressing plants
look like wild-type plants. (B) The J7 plant does not diﬀer from the Col0 wild-type plant at the
6-leaf stage. (C) wild-type and J7 plants appear similar on MS plates.
More than 40 lines expressing KNB1-RFP were available, named ‘J7’. I identified three
homozygous lines that showed stable expression in several generations, which were used for
further experiments (lines J7.9.11, J7.3.8, J7.1.2). An example for a mature plant is shown in
Fig.2.6.A (J7.9.11). Like the KNB1-GFP expressing plants, KNB1-RFP expressed from the 35S
promoter causes no obvious phenotype in 3-4 generations observed of more than 10 independent
lines. At least 20 plants were also examined at different developmental stages (e.g. Fig.2.6.B),
under long day and short day conditions, at 16◦C and on MS plates (Fig.2.6.C). In all stages and
conditions tested the KNB1-RFP expression plants looked like the wild-type Col0 controls. Also
root growth on MS plates is unchanged (Fig.2.6.C). An insight gained from the KNB1-RFP and
KNB1-GFP expression plants was the sub-cellular localization of the fusion proteins. Under the
confocal laser scanning microscope the KNB1 fusions appear to localize to nuclei (Fig.2.7.A).
To confirm this, nuclei were stained with DAPI. Fig.2.7 shows that the RFP signal colocalizes
with DAPI in nuclei in leaf cells.
2.2.2 KNB1 point mutation lines are without phenotypic changes
For KNB1 six EMS-mutagenized TILLING (Targeting Induced Local Lesions IN Genomes)
lines, which cause amino acid changes, and one line with a nucleotide change before an intron-
exon junction were established and ordered (for order numbers see 4.6.5). The positions and
changes are marked in Fig.2.8 in an alignment of three KNB1 orthologues to show conserved
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Figure 2.7: KNB1-RFP expressing plants. (A) Confocal laser scanning microscopy and bright field
picture of leaf epidermal cells with supposed nuclear localized KNB1-RFP. (B) DAPI staining of DNA
in leaves of KNB1-RFP expression plants. KNB1-RFP overlaps significantly with the DAPI stain in
nuclei.
D N
S F E K g a P S
Figure 2.8: Alignment of 3 KNB1 orthologues. Amino acids that are changed in TILLING lines
are indicated with an arrow, the changes are marked above or below. The change from g → a is a
nucleotide change at an intron-exon junction.
parts of the protein. In the original plants obtained a wide range of aberrations was present
so they were crossed out into Col0 to avoid EMS induced mutations in other genes providing
a false positive phenotype. At the same time the next generation was analyzed. For all lines
homozygous plants could be identified but after genotyping a correlation of TILLING mutations
and phenotypes was not detected. All observed aberrant growth phenotypes were most likely
due to mutations elsewhere in the genome but not due to a knb1 mutant allele. At this stage we
selected the three most promising candidates for further analysis:
Line M→I: M18I, methionine to isoleucine at position 18, conserved, are both hydrophobic.
Line S→F: S73F, serine to phenylalanine at position 73, conserved, changes a polar amino acid
to a hydrophobic.
Line E→K: E91K, glutamic acid to lysine at position 91, conserved amino acid in the central
part of the KNB1 coiled-coil domain, changes a negative to a positive residue.
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Figure 2.9: Yeast two-hybrid interaction of KNAT1 variants and KNB1 mutants mimicking TILLING
lines. Colonies were tested for interaction on medium lacking His. In three independent experiments
only mutation E91K shows a changed interaction pattern. BD: GAL4 binding domain, AD: GAL4
activation domain.
To learn how these amino acid changes might influence KNB1 interaction with KNAT1 full-
length and deletion variants shown in Fig.2.2, I mimicked them via mutagenesis PCR for the
yeast two-hybrid system. In three independent experiments combinations of constructs were
obtained like in chapter 2.1.2, they were all growing evenly in yeast (Supplemental Fig.5.1).
On medium selective for interaction both the construct mimicking M→I (KNB1 TIL M18I)
and S→F (KNB1 TIL S73F) showed the same interaction pattern as wild-type KNB1: the only
KNAT1 deletion they do not interact with is KNAT1∆MEINOX (Fig.2.9). In contrast to this is
the TILLING mutation E→K (KNB1 TIL E91K). It shows little growth on -His medium sug-
gesting that it interacts weakly with full-length KNAT1 or KNAT∆N, also no interaction with
KNAT∆MEINOX, ∆ELK and ∆NLS was detected. However, with KNAT∆HD and ∆ELK NLS
HD a strong interaction was detected suggesting that the HD affects the interaction capacity of
the mutant KNB1 protein. The same results were obtained with different interaction reporters
(Supplemental Fig.5.2, 5.3 and 5.4). This points to E91K as the most likely mutation to af-
fect plants. The three chosen lines were crossed out into Col0 wild type three times and then
selfed to obtain homozygous mutant lines (an example for genotyping of line E91K is shown in
Fig.2.10.A). These plants were then compared to the wild type grown under the same conditions
(Fig.2.10.B). No differences to the wild type could be identified in more than 50 plants analyzed
for each line (E91K in Fig.2.10.B). The most promising candidate line E91K was also studied
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Figure 2.10: (A) Mutation specific restriction digest after genomic PCR amplifying the region
surrounding the E91K mutation. homo: homozygous plant; hetero: heterozygous plant. (B) Wild-
type Col0 and homozygous, 3 times out-crossed KNB1 mutant E91K. Both plants look similar.
!"""""#"""""$""""%""""&""""'""""()"""*" %""""!"""""#"""""$"""""&""""'"""""+"""""*"
#,,-."!,$'-."
/" 0"
12#-."
Figure 2.11: PCR on genomic DNA of wild type (WT) and SALK line 009135 (Plants 1-5). M..
marker, - .. no DNA included, + .. other SALK line. (A) A combination of gene and insert specific
primers was used to amplify both wild-type and insert fragment in one PCR. All plants show only the
band expected for wild-type KNB1 gene (1035bp). (B) In a PCR with a primer pair specific for the
insert only the positive control gives a signal.
under different growth conditions. Short day (8h light and 16h dark) or growth at a lower tem-
perature (16◦C) also had no other effect on at least 40 KNB1 E91K mutants than on the wild
type. Concluding all the point mutantion carrying plants analyzed so far were indistinguishable
from wild type.
2.2.3 The proposed KNB1 SALK line carries no insert in KNB1
Database searches revealed that there is only one T-DNA insertion line available which disrupts
the KNB1 coding region. This is line number 009135 from the SALK collection. PCR am-
plification from genomic DNA from this plant line was performed to confirm the presence of
the insert in KNB1. A pair of KNB1 specific primers flanking the position of the insertion and
the insert specific primer LBb1.3 were used. The wild-type gene should give rise to a band of
1035bp, while a 629bp fragment should be amplified from genes carrying the insert. All 40
tested plants showed only the wild-type fragment (Fig.2.11.A). To ensure that this result was not
due to a technical problem the PCR was repeated with a different insert specific primer (LBa1)
but again only a fragment corresponding to the wild-type KNB1 gene was detected. Finally a
35S promoter and NOS terminator primer, which should both anneal in the inserted region, were
used. A 200bp insert specific band could be amplified from a different SALK line as a control,
but again not from line 009135 (Fig.2.11.B). As all plants looked like wild type they were not
further analyzed.
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Figure 2.12: (A) Artificial micro-RNA KNB1-aMIR. The part directed against KNB1 is shown in red,
the miR399 backbone in black. (B) Western blot with α-KNB1-AB on inflorescences of T1 plants
transformed with 35S::KNB1-aMIR. All plants show the same 16kDa band as the Col0 wild-type
protein extract. (C) Mature Col0 wild-type and 35S::KNB1-aMIR plants look similar.
2.2.4 An artificial KNB1 micro-RNA does not reduce protein levels
In a further attempt to reduce KNB1 protein levels I designed an artificial micro-RNA (aMIR)
against the 3’ UTR of KNB1. This was based on micro-RNA 399 (miR399) targeting Pho2. To
find a position in the 3’UTR that is specific for KNB1 several possible DNA sequences were
tested at http://bioinfo3.noble.org/cgi-bin/miRNA/miRU.pl. The chosen stretch was
then modified according to the miR399 template and inserted into the backbone (Fig.2.12.A). In
plants this should give rise to a mature micro-RNA with the sequence: UUACACCACUGGAC-
GACAGCG. The construct was then inserted into binary vectors for both estradiol inducible
(estr::KNB1-aMIR) and constitutive expression (35S::KNB1-aMIR) of the aMIR. The binary
vectors were introduced into A. thaliana Col0 wild-type plants and the first generation (T1) of
transgenics was selected by antibiotics. Inflorescences of resistant plants were tested for KNB1
protein presence on western blots. In case of the constitutive expression of the aMIR about 100
T1 plants were analyzed, an example is shown in Fig.2.12.B. All plants showed the same band
as the wild-type Col0 and expression levels were approximately similar. Also no phenotypic
changes could be observed (2.12.C).
Inflorescences of 17 estr::KNB1-aMIR T1 plants were induced with 5µM estradiol by dip-
ping. After two days protein extracts were prepared and analyzed on western blots. Like in the
35S::KNB1-aMIR lines, KNB1 protein levels were not reduced compared to the wild type. The
second generation of ten plants was grown on MS plates either including estradiol or only the
solvent as a control. This should induce expression of the KNB1-aMIR right after germination
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Figure 2.13: Co-infiltration of 35S::AtKNB1-RFP with a GFP control and 35S::KNB1-sil. Nu:
nuclei. (A) No silencing of AtKNB1-RFP occurs, the protein colocalizes with the GFP control in
nuclei. (B) Most cells show no AtKNB1-RFP.
and allows analysis of a possible effect on seedlings. In this experiment, no differences between
induced and not induced T2 plants could be observed.
2.2.5 A KNB1 silencing construct might be functional
A last strategy to lower KNB1 protein levels was via silencing. For this we designed a con-
struct with an inverted repeat and a loop (see supplemental chapter 5.2). Like the aMIR it was
introduced into and constitutively expressing binary vector (35S::KNB1-sil). Before generating
transgenic A. thaliana plants I tested the construct in an infiltration experiment. 35S::KNB1-RFP
was co-infiltrated in N. benthamiana with a GFP expressing control, to be able to determine the
area of infiltration. The silencing construct was infiltrated partially overlapping. The aim was
to identify regions where the GFP control is expressed but KNB1-RFP greatly reduced or ab-
sent. Fig.2.13.A shows a region without silencing: a strong GFP control signal colocalizes with
KNB1-RFP in nuclei. An example for a region where silencing possibly occurs is depicted in
Fig.2.13.B. The GFP control is still strong but hardly any nuclei show KNB1-RFP.
A. thaliana plants were dipped with 35S::KNB1-sil and transformants selected. Inflorescences
of more than 40 first generation plants were tested for KNB1 levels on western blots. All plants
showed KNB1 levels similar to the wild type and I noticed no phenotypical aberrations. In
addition to the constitutive expression from the 35S promoter an estradiol inducible clone was
generated. Plants transformed with this construct have jet to by analyzed.
In summary attempts to reduce KNB1 protein levels were so far not successful and plants
overexpressing KNB1 do not differ from the wild type.
43
2.3. THE KNB1 PROMOTER IS ACTIVE IN SHOOT AND ROOT APICAL REGIONS, IN
YOUNG LEAVES, THE VASCULATURE AND CARPELS.
2.3 The KNB1 promoter is active in shoot and root apical
regions, in young leaves, the vasculature and carpels.
To analyze the expression pattern of KNB1, transgenic plants carrying the E.coli Beta-Glucuro-
nidase (GUS) gene and EGFP under the control of the endogenous promoter (pKNB1::EGFP-
GUS) were established by Gregor Kollwig (Kollwig, 2010). He never detected GFP expression
so only his GUS analysis is shown in Fig.2.14.A. The KNB1 promoter drives GUS expression
in seedlings in the shoot apical region (A4) and in the root and leaf vasculature (A1, A5, A6). A
closer look reveals strong expression in the root tip (A2), in the root vasculature and in develop-
ing secondary roots (A3). The signal found in cotyledons and just emerging young leaves gets
weaker as these tissues mature (A5, A6, A7). Staining of the vasculature is especially strong
in young leaves, becomes weaker during development and is absent in mature leaves. On true
leaves, staining of young trichomes can be observed, which is lost in later stages (A7). Af-
ter floral transition GUS expression is mainly driven in carpels, in some lines staining can be
also found in sepals and pollen (A8). After fertilization the general carpel signal gets weaker
until only found in ovules in the basal region and the abscission zone of the silique (A9). No
pKNB1::EGFP-GUS expression was detected in mature siliques.
As a comparison I cloned a KNB1 protein GUS fusion construct in the same vector (pKNB1::
KNB1-EGFP-GUS). This might identify regions where the promoter is active, but the protein
might be destabilized. The subcellular localization can also be determined. Fig.2.14.B shows
GUS assays of developmental stages and tissues similar to pKNB1:: EGFP-GUS in Fig.2.14.A.
The only major difference was loss of signal in sepals (compare Fig.2.14 A8 and B8). The
leaf in Fig.2.14.B7 is an earlier stage than A7 and thus generally shows stronger staining. The
pKNB1::KNB1-EGFP-GUS signal is already regressing from the distal leaf tip but still strong in
the less differentiated proximal region. In trichomes the observed signal was more pronounced
in early stages of development. In some tissues like cotyledons and young leaves the fusion
protein accumulates in dots, which represent nuclei (Fig.2.14.B.6, B.5 and closeup in 2.15.D).
This subcellular distribution was never observed in pKNB1:: EGFP-GUS lines.
Some tissues of pKNB1::KNB1-EGFP-GUS plants were analyzed in more detail (Fig.2.15).
Interestingly, KNB1 promoter driven GUS expression is upregulated in the vascular tissue in
the hypocotyl-root junction and in areas, which probably correspond to secondary root initiation
sites (B). In carpels in the stage of fertilization staining is mainly found in ovary walls, dots on
the stigma and in anthers might represent pollen grains (Fig.2.15.C).
Taken together, the KNB1 promoter driven expression pattern of GUS alone or fused to KNB1
are equivalent. We observed staining in shoot and root apical regions, young leaves, the vascu-
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Figure 2.14: Beta-glucuro ni dase (GUS) assay. (A)The KNB1 promoter drives expression of GUS.
(B) Expression of KNB1-GUS fusion protein from the KNB1 promoter. (1-7) 10 day old seedlings. (1)
whole plant; (2) root tip; (3) secondary root; (4) shoot apex; (5) vasculature in cotyledon, close-up
from (6) cotyledon; (7) young leaf; (8) primary inflorescence; (9) silique. Pictures A2, A4, A8 and
A9 by Gregor Kollwig, Pictures A6 and B4 and by Nikola Winter, Pictures A5, A7, B5 and B6 by
Friedrich Kragler, others by me.
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Figure 2.15: Expression of pKNB1::KNB1-EGFP-GUS. 10 day old plants in (A) and (B). (A)
Hypocotyl-root junction. (B) Lateral root primordium. (C) Carpel, anthers, pollen grains. (D)
Close-up of Fig.2.14.B.5 by Friedrich Kragler, some nuclei are indicated with arrows.
lature and carpels. Preliminary results from sections of the SAM indicate that KNB1 is only
weak, or excluded from the center of the SAM (Kragler et al., unpublished data).
2.4 MPB2C and KNB1 aﬀect each other
2.4.1 Double-overexpression of KNB1 and MPB2C has no phenotypical
eﬀect
To analyze the possible effect of overexpression of the interaction partners KNB1 and MPB2C
a stable, homozygous 35S::AtKNB1-RFP overexpression line was crossed with a stable, ho-
mozygous 35S::AtMPB2C-TAP overexpression line (I3.6). Expression of AtKNB1-RFP was
confirmed in the F1 by fluorescence microscopy, where the transgene signal was indistinguish-
able from the parent line (see Fig.2.7.A). The AtMPB2C-TAP fusion protein was detected on
western blots and was also similar to the parent line. Although all plants analyzed carried both
fusion proteins, obvious phenotypical differences to the wild type could not be observed.
2.4.2 Combined overexpression of KNB1 and MPB2C increases viral
susceptibility
Despite no obvious phenotypic effect of double-overexpression of AtKNB1-RFP and AtMPB2C-
TAP, F1 plants were tested for oilseed rape mosaic virus (ORMV) infection efficiency. This virus
is closely related to tobacco mosaic virus (TMV), whose coat protein interacts with MPB2C
(Kragler et al., 2003). It was previously shown that plants overexpressing GFP-AtMPB2C ex-
hibit a decreased infection rate compared to the wild type (Ruggenthaler et al., 2009). ORMV
was used to test KNB1-RFP overexpression plants and KNB1-RFP/MPB2C-TAP double-over-
expression plants.
46
2.4. MPB2C AND KNB1 AFFECT EACH OTHER
17
27
mo
ck
1 2
CP
A
Days after inoculation
B
In
fe
ct
io
n
ra
te
as
%
of
W
T
kDa
Days after inoculation
In
fe
ct
io
n
ra
te
as
%
of
W
T
Days after inoculation
In
fe
ct
io
n
ra
te
as
%
of
W
T
C D
Figure 2.16: ORMV infection experiments. (A) Coomassie stained polyacrylamide gel. CP: ORMV
coat protein; mock: buﬀer inoculated plant; 1: infected plant with CP band; 2: not infected plant.
(B) - (D) Infection experiments: The infection rate of the wild type (WT) is used as a reference for
overexpression lines. (B) KNB1-RFP has the same infection rate as the WT, infection of MPB2C-
TAP plants is significantly reduced. (C) Much more KNB1-RFP/MPB2C-TAP double overexpression
plants are infected than of the wild-type control. (D) KNB1-RFP alone does not change infection
rates, KNB1-RFP/MPB2C-TAP plants are more susceptible.
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In a first experiment plants overexpressing either MPB2C-TAP as a control or KNB1-RFP
were inoculated and tested for infection at different time-points. Infected plants show an addi-
tional band on Coomassie stained polyacrylamide gels of approximately 20kDa, which is due to
the highly expressed coat protein (CP, Fig.2.16.A). 10 plants per line were analyzed at each time-
point and are represented in the graphs as the percent of the wild type infection rate. 7 days after
inoculation both the KNB1-RFP and MPB2C-TAP lines show approximately the same infection
rate as the wild type (Fig.2.16.B). In plants that overexpress MPB2C-TAP the percentage of
infected plants after 10 and 14 days is much lower then in the wild type, this consistent with pre-
vious results (Ruggenthaler et al., 2009). In contrast, also at these time-points plants expressing
KNB1-RFP show the same ORMV infection rates as the wild type.
For testing of the double overexpression plants 10 plants were harvested at each of five time-
points (Fig.2.16.C). Already after 4 days, nearly twice as many double-overexpression plants as
wild-type plants are infected. This difference remains until 7 days after inoculation. After 10
days also most wild-type plants show a CP band, thus the KNB1-RFP/MPB2C-TAP infection
rate cannot be distinguished after this time point.
To confirm this result the experiment was repeated with 20 plants per time-point and a KNB1-
RFP overexpression line as a control (Fig.2.16.D). Again, double overexpression plants were
more susceptible to a ORMV infection than the wild type while KNB1-RFP overexpression
without elevated MPB2C levels has no effect. The infection rate of the double overexpression
plants in this experiment was also higher at a late time-point because the infection efficiency of
all plants was lower. Not all wild-type plants were infected at late time-points so higher infection
rates of the KNB1-RFP/MPB2C-TAP plants were observed.
2.4.3 MPB2C aﬀects KNB1/KNOX interactions
To learn more about the interaction between KNB1 and MPB2C and a possible effect on KNB1/
KNOX interactions the yeast three-hybrid system was applied. In addition to the two-hybrid
partners tested in chapter 2.1.2 MPB2C was introduced into the inducible site of the pBRIDGE
vector. In this system expression of MPB2C is repressed on medium including methionine (Met)
and induction occurs on medium lacking Met (-Met). Normal growth of the used colonies on
uninduced, non-selective medium is shown in supplemental Fig.5.1. Colonies were transferred
to medium lacking histidine but including Met as a control for interaction without MPB2C ex-
pression or to -His-Met medium to analyze interaction in the presence of MPB2C. The experi-
ment was performed four times and each time with 4 independent, newly established colonies.
In the absence of the MPB2C gene KNB1 interacts well with KN1 and KNAT1 (Fig.2.17.A
second column). Despite repression of MPB2C expression on medium including Met a negative
effect of MPB2C on the interaction between KNB1 and KN1 and also on the KNB1/KNAT1
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Figure 2.17: Yeast three hybrid interaction assay. (A) Interaction between AtKNB1 and KNOX
proteins with repressed or induced MPB2C expression. The presence or absence of MPB2C in
the pBRIDGE vector is indicated above the interaction assay. MPB2C has a notable influence on
KNB1/KNOX interactions. This eﬀect was observed in 4 independent repetitions of the experiment
(B) Western blot on yeast total protein extracts after MPB2C repression or induction. Three western
blots on two independent yeast three-hybrid experiments gave similar results. * indicates a back-
ground signal present in all samples. MPB2C can be detected in the repressed state but the signal is
much stronger after induction. KNB1 signal is weak in the presence of MPB2C.
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Figure 2.18: Yeast three hybrid interaction assay. Proteins named after the dash are placed in the
inducible site of pBRIDGE and are not fused to either AD or BD, experiments were repeated 2-3
times. (A) Interaction assay in a repressive state. (B) Expression of the third protein is induced on
-Met medium. (C) Influence of MPB2C on the interaction of BEL1 with STM.
interaction was observed: there is only weaker growth indicating interaction (Fig.2.17.A third
column). Upon induction of MPB2C this effect is enhanced, the His reporter system is not acti-
vated any more and colonies do not grow. As the effect of MPB2C in an uninduced state could
be due to a leaky promoter and background expression of MPB2C, a western blot was performed
on yeast total protein extracts. Fig.2.17.B supports this hypothesis as MPB2C is present in low
amounts in cells repressed by Met in the growth medium. Although MPB2C expression is much
higher after induction on -Met medium, the detected , low levels might be sufficient to affect
KNB1 interactions.
In a next step the effect of MPB2C was tested also on KNB1 interaction with KNAT domains
(described in Fig.2.2) and KN1 and several additional controls were included, this experiment
was repeated twice. As observed before for full-length KNAT1, MPB2C has some negative
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influence on KNB1 interaction output with all KNAT1 deletion variants and KN1 already in
an uninduced state (Fig.2.18.A). A control with GFP in the inducible site instead of MPB2C
does not affect KNB1 interactions, which confirms the specificity of the MPB2C interference
on KNB1 interactions. In strong contrast to this is the effect of BEL1 on the interactions. This
MEINOX domain interacting protein (Bellaoui et al., 2001) completely abolishes KNB1 inter-
actions with KNOX proteins, except for KNAT1 variants without a HD. They are still able to
interact with KNB1 in the presence of BEL1. MPB2C or GFP in the inducible site without
KNB1 presence were used as additional negative controls. They should not be able to activate
the reporter system. As expected, these colonies are not able to grow on both repressive and
induction medium (Fig.2.18.A and B).
After induction of MPB2C or the different controls the negative effects already observed on
repressive medium were enhanced (Fig.2.18.B). Both MPB2C and BEL1 completely abolish
interaction with all KNAT1 variants and KN1, while GFP has no effect.
A final yeast three-hybrid experiment was conducted to see whether MPB2C also influences
the well established interaction of KNOX proteins with BLH proteins. For this the interaction
between STM and BEL1 was analyzed in three independent experiments. Fig.2.18.C shows that
both MPB2C and a GFP control do not affect this interaction and there are no differences be-
tween repressive and induced state. This might suggest that the KNOX/BEL1 interactions could
be stronger than the KNOX/MPB2C interaction.
To find out whether MPB2C is the dominant interaction partner of either KNB1 or KNOX
proteins and thus inhibits KNB1/KNOX interactions or if the effect is due to another mechanism,
two hypotheses were tested. First, MPB2C could play a role in protein destabilization and
reduce the levels of one or both of the interaction partners. Second, MPB2C as a microtubules
associated protein might cause relocation of KNB1 or KNOX proteins or both to the cytosol.
This would prevent the interacting proteins from activating the reporter system in the nucleus.
To test the first hypotheses KNB1 levels were examined by western blotting. KNB1 is eas-
ily detected in protein extracts where only the KNB1 construct is present in yeast (Fig.2.17.B).
MPB2C of low abundance as found in repressed cells after introduction of the construct causes
a strong reduction in KNB1 signal. After induction of MPB2C the KNB1 signal is completely
abolished.
An MPB2C-GFP fusion was integrated into the inducible site of pBRIDGE to elucidate the
sub-cellular localization of this protein in yeast. GFP alone was introduced into this site as a
control. MPB2C-GFP had the same effect on the KNB1 KNAT1 interaction as the untagged
protein, indicating that the fusion is functional. Yeast DNA and thus nuclei were then stained
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Figure 2.19: Confocal laser scanning microscopy of yeast cells. Nuclei are stained with Hoechst and
shown in red. GFP or MPB2C-GFP fusion proteins in green. Nu: nuclei. (A) GFP is detected in
the whole cell and colocalizing with the Hoechst stain in the nucleus. (B) MPB2C-GFP is found in
clusters outside the nucleus.
with Hoechst and cells observed with confocal laser scanning microscopy. In expressing cells
the GFP control is detected in the whole cell, including the nucleus where it colocalizes with
the Hoechst stain leading to orange coloring (Fig.2.19.A). The MPB2C-GFP fusion protein in
Fig.2.19.B is accumulating in clusters, which are often close to, but never in the nucleus. This
confirms that MPB2C-GFP, despite an NLS at the N-terminus provided by the yeast vector, does
not localize to the nucleus in the yeast three-hybrid setup and might affect the presence of KNB1
in the nucleus.
In summary double overexpression of KNB1-RFP and MPB2C-TAP leads to increased viral
infection rates. In addition, MPB2C has a negative effect on the yeast two-hybrid reporter ac-
tivation by KNB1/KNAT1 interaction. This might be due to a changed subcelluar localization
of KNB1 and KNOX proteins, as MPB2C is never found in yeast nuclei, and due to absence of
KNB1 in the presence of MPB2C, as shown by western blots.
2.5 Is there a link between KNB1 and the cell cycle?
As mentioned in chapter 2.1.1, the C-terminus of KNB1 contains a putative cyclin interaction
site. In addition Cooper et al. (2003) identified in a yeast two-hybrid screen an uncharacterized
rice (Oryza sativa) protein that interacts on the one hand with the rice KNOX protein OSKN3
and on the other hand with a B2-type cyclin (CYCB2;2). This protein is the rice orthologue of
AtKNB1. Blast searches with OSKN3 identified KNAT1 as the A. thaliana orthologue of this
protein, for the rice CYCB2;2 all A. thaliana B2 cyclins show high similarity.
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Figure 2.20: (A) Confocal laser scanning microscopy of root tip. A GFP tagged cyclin B1;1 marker
line shows the same GFP pattern after crossing into 35S::KNB1-RFP overexpression plants as in the
wild type cross. (B) Cyclin B1;1 GUS reporter assay in root tips. Overexpression of KNB1-RFP does
not change intensity or localization of GUS staining.
2.5.1 Cyclins do not interact with KNB1 in a yeast two-hybrid screen
In a first attempt to find a link in A. thaliana between KNB1 and cyclins, the lab of Lieven De
Veylder (Department of Plant Systems Biology, University of Ghent, Belgium) used AtKNB1
in a yeast two-hybrid screen of their cyclin library (Boruc et al., 2010). They tested all cyclins
except A1;2, A2;1, A3;3, A3;4, B1;2, B2;4, D3;1, D4;1 and D7;1 for interaction with KNB1.
Unfortunately none of these cyclins showed significant binding activity in the yeast two-hybrid
interaction assay. In the same publication bimolecular fluorescence complementation (BiFC)
was used to confirm interactions. My preliminary experiments with B-type cyclin BiFC con-
structs and AtKNB1 did not lead to reconstitution of the split GFP.
2.5.2 Cyclin B1;1 expression is unchanged upon KNB1 overexpression
An elegant way of finding a link between KNB1 and cyclins is to analyze cyclin reporter lines.
For cyclin B1;1 two lines were available, each including the promoter region of CYCB1;1 and
the first three exons fused to a reporter. In the first line CYCB1;1 was additionally fused to beta-
glucuronidase (GUS, line FA4C, Colon-Carmona et al. (1999)) and in the second tagged with
GFP by exchange of the GUS sequence (line BJ3, Reddy et al. (2004)). Both lines were crossed
into 35S::KNB1-RFP overexpression lines and Col0 wild type as a control. The GFP reporter in
the BJ3 control cross is activated in several random cells in the root apical region, marking cells
undergoing G2/M transition (Fig.2.20.A). Overexpression of KNB1-RFP does not change this
localization pattern in 5 analyzed F1 plants and the KNB1-RFP fusion protein appears similar
to the parent line. In the GUS reporter system KNB1-RFP overexpression was confirmed in 12
plants by confocal microscopy before GUS staining. There is no obvious effect on cyclin B1;1
expression pattern or turn-over (Fig2.20.B).
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Figure 2.21: Flow-cytometric measurements of c-content. (A) 3d old seedlings including seed-coats.
(B) First and second leaf from 4 week old plants grown at 16◦C.
2.5.3 KNB1 overexpression has no eﬀect on endoreduplication
During differentiation plant cells switch from a mitotic cell cycle to endoreduplication: repeated
rounds of DNA replication without cytokinesis. The ploidy level of the nucleus can rise from 2C
after cell division to 32C or even 64C. As cyclins play an important role in this process, KNB1
might cause changes in ploidy levels via cyclins. To test this, flow cytometric measurements
of DAPI stained DNA in nuclei of wild-type Col0 and 35S::KNB1-RFP overexpression plants
were performed.
The c-content of a pool of 3 day old seedlings grown on moist filter paper and their seed-coats
was measured (Fig.2.21.A). Most nuclei of both wild-type and 35S::KNB1-RFP overexpression
plants have a ploidy level of 2C or 4C, some are 8C and 16C. No differences between Col0 and
overexpression plants could be observed. In a pool of first and second leaf of 4 week old plants
grown at 16◦C DNA content was also similar (Fig.2.21.B).
In summary I could not establish a link between KNB1 and the cell cycle, as suggested by
literature. Either more experiments will be needed to confirm a connection between KNB1 and
cyclins or KNB1 plays no role in the mitotic cell cycle.
2.6 Overexpression of KNB1 reduces KNOX overexpression
phenotypes
To analyze the significance of KNB1 KNOX interaction in A. thaliana plants the effect of KNB1
overexpression in different KNOX overexpression and mutant backgrounds was observed. In
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addition KNB1 was overexpressed in the trichome rescue system to determine whether KNB1
has an effect on cell-to-cell movement or the presence of KN1.
2.6.1 KNB1 partially rescues the STM overexpression phenotype
Homozygous, dexamethasone (DEX)-inducible STM overexpression lines in Ler ecotype (STM-
GR, Gallois et al. (2002)) were crossed into wild-type Col0 and and one homozygous KNB1-
RFP overexpression line. The F1 was analyzed on MS plates with 10µM DEX 14 days after
germination.
Fig.2.22.A shows the differences in size between the parent line 35S::KNB1-RFP and parent
line STM-GR on inducing medium. All crosses, also the Colo control cross, are slightly larger
than the STM-GR parent line. Expression of the transgene KNB1-RFP was confirmed in all
plants in the root tip by confocal laser scanning microscopy (Fig.2.22.C). A closer look revealed
that while control crosses with Col0 or Ler do not build proper leaves, 35S::KNB1-RFP crosses
in both Col0 or Ler background lead to partial rescue and leaves start to develop (Fig.2.22.D).
Scanning electron microscopy confirmed the presence of leaf primordia in the control crosses,
but they do not develop into leaves and carry no trichomes (Fig.2.22.E). In 35S::KNB1-RFP
crosses primordia have grown into differentiating leaves with trichomes.
After four further weeks many rescuing plants were able to develop shoots and flowers (Fig.
2.22.F). The control crosses did still not have any leaf-like structures with trichomes but some
plants were able to produce ectopic carpels.
To confirm these results, two independent 35S::KNB1-RFP lines in Col0 background and
three lines in Ler background were crossed into STM-GR, one to three times. Additionally, a
35S::KNB1-TAPCol0 overexpression line was included. Rescue was observed in one 35S::KNB1-
RFP line in Col background in several repeated crossings and in one Ler ecotype line. The
35S::KNB1-RFP Col0 line that did not rescue showed weaker KNB1-RFP expression than the
rescuing line, while the ineffective Ler lines were probably unstable. The rescuing 35S::KNB1-
RFP lines and replicas are summarized in the statistics in Fig.2.22.B. About 50% of individual
plants were able to partially rescue the phenotype of STM overexpression (70 plants analyzed).
In three independent Col and one Ler wild type control cross rescue was never observed (61
plants analyzed). Of the KNB1-TAP/STM-GR cross only 9 seeds could be harvested, which all
gave rise to plants that developed leaves, thus rescuing the STM overexpression phenotype.
2.6.2 Strong stm mutants are not aﬀected by overexpression of KNB1
The Ler ecotype STMmutant line stm-11 was chosen to analyze the effect of KNB1 overexpres-
sion on KNOX mutants (Long and Barton, 1998). Homozygous mutants have no shoot apical
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Figure 2.22: STM-GR crosses. (A) Diﬀerences in size between parent lines 35S::KNB1-RFP and
STM-GR and crosses on inducing medium. (B) Phenotype rescue in % 14 days after germination.
Number of plants analyzed per line in brackets. 35S::KNB1-RFP crossing results from both ecotypes
and all replicas are summarized in one column allowing for calculation of the standard deviation. The
KNB1-TAP column summarizes two replicas of one line. (C) Confocal laser scanning microscopic
confirmation of KNB1-RFP expression in the root tip of KNB1-RFP/STM-GR crosses. (D) Close-
ups of STM-GR control (Col, Ler) and 35S::KNB1-RFP crosses. (E) Scanning electron microscope
picture of crosses. (F) 6 weeks old crosses. Two examples are shown for ectopic carpel development
in the control cross.
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Figure 2.23: F2 of stm-11 mutant crosses. The same rate and quality of rescue was observed for
Col0 control and 35S::KNB1 overexpression (J7 and D7) crosses. (A) Diﬀerent stages of rescue. (B)
Total rescue frequency up to several time-points. (C) Percentage of 35S::KNB1-RFP cross plants
that express KNB1-RFP, with or without rescue. (D) Percentage of 18 day old, rescuing plants with
one or more big leaves. (E) Percentage of organ fusions in 28 day old plants. (F) 1-3: whole plants
at later stages, 4+5: close-ups of observed aberrations.
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meristem and develop no true leaves or shoots (Barton and Poethig, 1993; Long et al., 1996;
Long and Barton, 1998). Heterozygous stm-11 plants were used for crossing into Col0 wild
type, two 35S::KNB1-RFP (J7) and one 35S::KNB1-TAP (D7) overexpression line. To obtain
a homozygous mutant background, crosses had to be followed to the F2 generation. All plants
that developed true leaves within 6 days were then removed, as they were either heterozygous
or carried no stm mutation. At the same time the first mutant plants started to show some rescue
(Fig.2.23.A.1). This rescue was observed in both Col0 control and 35S::KNB1-RFP overex-
pression crosses, different extents of rescue are depicted in Fig.2.23.A. Some plants developed
many small leaves (A.2), others one big leaf that looked normal (A.3) or showed developmental
defects (A5). In addition, many plants initiated several leaves at later stages (Fig.2.23.A.4, F.1
and F2). These leaves were often partially fused (Fig.2.23.F.3 and 5), had fused petioles (F.3
and 4) and/or were lobed (F.3).
The percentage of stm-11 plants that showed rescue, out of a total of more than 200 stm-11
mutants per line, was analyzed for 5 weeks. Fig.2.23.B depicts the total percentage of plants up
to different time-points for each line. After 5 weeks about half of all stm-11 mutants rescued
partially, while the remaining plants were aborted. No significant differences in the rate of rescue
could be observed between the Col0 control cross and the KNB1 overexpressing crosses. Not
only was there no difference in the percentage of plants that showed rescue, also the different
phenotypes at different time-points were similar. Two examples are shown in Fig.2.23.D and
E. Of 18 day old plants that showed rescue about 40% had developed at least one big leaf
(Fig.2.23.D) like the plant depicted in Fig.2.23.A.3. 60 to 70 % of 28 day old, rescuing crosses
had fused organs (Fig.2.23.E).
26 day old KNB1-RFP/stm-11 crosses were analyzed for RFP fluorescence in the cotyledons.
Of the 62 plants analyzed for RFP that had not induced rescue until then, 83% expressed RFP
(Fig.2.23.B). 76% of 81 plants with rescue were KNB1-RFP overexpressing plants. Both num-
bers are close to the expected 75% in the F2 and indicate that expression of the KNB1 fusion
has no effect on the stm phenotype.
2.6.3 KNB1 overexpression does not intensify the KNAT1 mutant
phenotype
For KNAT1, also called BREVIPEDICELLUS (BP) a mutant called bp is available in Ler eco-
type, which was first described as a genetic marker (Koornneef et al., 1983). This mutant is
stunted and has downward pointing siliques (bp in Fig.2.24.A and B). Two 35S::KNB1-RFP
overexpression lines (J7.9.11 and J7.3.8) and Col0 wild type as a control were crossed into bp
homozygous plants. The F2 was analyzed for segregation of KNB1-RFP and phenotypes. Four
different phenotypes were observed (Fig.2.24.A, close-up in B). First, plants with Col0 wild
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Figure 2.24: Crossing of 35S::KNB1-RFP and Col0 into bp mutants. (A) and (B): Four diﬀerent phe-
notypes could be observed in the F2: Col0, Ler, bp, and Col0-like with downward siliques (Col0/bp).
(C) Percentage of plants of diﬀerent lines with bp like siliques. Plants derived from 35S::KNB1-RFP
crosses are split into individuals with RFP (in red) and without RFP (grey). Number of plants with
specific phenotype is indicated in each column.
type appearance. Second, plants looking like Ler wild type. Third, plants, which looked like bp
mutants, and finally an intermediate phenotype with to the side or downward pointing siliques
and a general appearance like mildly stunted Col0 plants (labeled Col0/bp). Crosses similar to
Col0 or Ler were classified as wild type, plants with siliques to the side or downward (bp and
Col0/bp) as bp mutants.
In the Col0 control cross, 40 plants (27%) showed a bp phenotype (Fig.2.24.C). In the F2 of
the 35S::KNB1-RFP crosses plants were first grouped according to whether they express KNB1-
RFP or carried no fluorescence signal. Of the group expressing KNB1-RFP derived from line
J7.3.8 23% had bp like siliques (24 plants, red column), while the percentage for plants without
the transgene was 19% (7 plants, grey column). Results from the second 35S::KNB1-RFP line
J7.9.11 are similar: 23 plants (22%) with RFP were classified as bp mutants as well as 19%
(6 plants) of individuals without RFP. As with the stm mutants no significant differences in the
frequency of bp phenotype could be found between crosses expressing KNB1-RFP and plants
without the transgene.
2.6.4 Overexpression of KNB1 abolishes KN1 overexpression
As overexpression of KNB1 partially rescues the STM overexpression phenotype a similar effect
might be observed upon KNB1 overexpression in KN1-GFP overexpressing plants (gift from
Dave Jackson). This line was generated in Col0 ecotype but shows a gradient in the severity of
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Figure 2.25: F1 of crossing 35S::KNB1-RFP, 35S::KNB1-TAP and Col0 into a KN1-GFP overex-
pressing plant. (A) Phenotype of KN1 overexpression (KN1-OE). (B) Parent line KN1-OE, control
cross KN1-OExCol0 and rescuing cross of KN1-OE into 35S::KNB1-RFP overexpression line J7.3.8.
(C) Percentage of crossed plants of diﬀerent lines that show KN1 overexpression phenotype. Number
of analyzed plants in brackets. (D) Overview and close-up confocal laser scanning microscopy pictures
of Col0 control cross and 35S::KNB1-RFP cross. KN1-GFP in green, KNB1-RFP in red, chloroplast
auto-fluorescence in blue. KNB1-RFP abolishes the KN1-GFP signal.
the phenotype. So all crosses analyzed, including the Col0 control, were derived from the same
KN1-GFP parent plant to eliminate a possible difference due to the KN1-GFP parent plant.
The typical KN1 overexpression (KN1-OE) phenotype is shown in Fig.2.25.A. Plants have
lobed, more round shaped leaves and are stunted. In the homozygous KN1-OE parent line about
50% of the plants show this phenotype (Fig.2.25.B), and most plants without lobed leaves are
still reduced in size. The parent plant I used for the crosses had lobed leaves and was reduced in
size. In the Col0 control cross (KN1-OExCol0), which is heterozygous for KN1-GFP, 40% of
plants exhibit the KN1 overexpression phenotype (Fig.2.25.B and C). The rest of the plants look
like wild type or are only slightly reduced in size. Overexpression of KNB1-RFP, which was
confirmed by confocal microscopy, in a heterozygous KN1-GFP background greatly reduces, or
completely abolishes the lobed leaf phenotype, depending on the line used. In crosses with line
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Figure 2.26: Overexpression of KNB1-TAP in the trichome rescue system. (A) Trichome rescue
plants develop trichomes on their surface while some lines with KNB1-TAP are trichome-less. (B)
Average number of trichomes and standard error of the means. TR control, T1/F1 with overexpres-
sion of KNB1-TAP after transformation or expression of KNB1-RFP after crossing into TR. Trichome
numbers are reduced by both KNB1 overexpression constructs. (C) Confocal laser scanning mi-
croscopy image of TR control line with GFP signal in nuclei (nucl), GFP is lost upon expression of
KNB1-TAP.
J7.3.8 all plants look like wild type, no lobed leaves are present (Fig.2.25.B KN1-OExKNB1-
RFP and .C). Line J7.9.11 and J7.1.2.1 cause a reduction from 40% to 18% or 13% of plants
with phenotype, respectively. Overexpression of a TAP-tagged version of KNB1 (line D7.8)
allowed for lobed leaves only in 6% of the plants. The presence of the KNB1-TAP transgene
was confirmed by western blotting and only plants with clearly detectable KNB1-TAP included
in the graph.
As KN1 is GFP tagged in these overexpression plants, the fusion protein can be directly
observed by confocal laser scanning microscopy. Col0 control cross plants were compared to
KN1-OExJ7.3.8 plants, as these had shown the most severe effect of KNB1. The top panel in
Fig.2.25.D is an overview, which shows strong expression of KN1-GFP in the control cross. In
contrast to this no GFP can be detected upon overexpression of KNB1-RFP, which is shown in
red. The close-ups in the lower panel confirm presence of KN1-GFP in nuclei and the cytosol of
heterozygous KN1-OExCol0 plants while GFP is missing in 35S::KNB1-RFP crosses.
2.6.5 KNB1 aﬀects the trichome rescue system
Kim et al. (2005) developed a readout system for cell-to-cell movement of KNOX proteins.
They fused KNOX proteins or their domains to GLABROUS1 (GL1), a protein essential for
trichome development in the epidermis. Upon subepidermal expression of this fusion protein
in gl1 mutants, which carry no trichomes, KNOX dependent movement of the fusion into the
epidermis allows for development of trichomes. The trichome rescue (TR) line employed here
consists of a fusion of GL1, the HD of KN1 and GFP (gl1/ProRbcS:GFP-GL1-KN1HD). This
stable line was transformed with the 35S construct of KNB1-TAP (TR/KNB1-TAP). After an-
tibiotic selection of T1 plants carrying the KNB1 transgene trichomes were counted on the first
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and second leaf of these 17 day old plants. All TR plants grown in parallel as a control develop
trichomes, while some plants overexpressing KNB1-TAP show a naked surface (Fig.2.26.A).
Evaluation of 22 TR control plants leads to an average of 8,2 trichomes per leaf with a standard
error of the means of 0,3 (Fig.2.26.B). The 30 plants additionally overexpressing KNB1-TAP
have their trichome numbers reduced to 3,6 with an error of 0,4. In the next generation seedling
pools were analyzed on a western blot for the presence of the KNB1-TAP transgene. Both lines
with reduced and normal TR numbers showed expression of KNB1-TAP.
In addition to the 35::KNB1-TAP construct, 35S::KNB1-RFP was introduced into the gl1
mutant line and the heterozygous first generation directly crossed into the TR line. The F1
plants heterozygous for the TR construct and segregating for KNB1-RFP were then split into
two groups according to whether they expressed RFP or not. The 9 plants without KNB1-RFP
had trichome numbers similar to the TR parent line, while 7 plants overexpressing KNB1-RFP
had on average 0,6 trichomes (Fig.2.26.B). This confirms the tendency of reduced trichome
numbers observed upon overexpression of KNB1-TAP in the TR lines.
Overexpression of MPB2C in TR lines has a similar effect (Winter et al., 2007). This is due
to inhibition of movement of the rescue construct to the epidermis. To find out if the inability
of some TR-KNB1-TAP plants to develop trichomes is due to the same mechanism, plants were
analyzed for the localization of the GFP-GL1-KN1HD fusion protein by confocal laser scanning
microscopy. In 5 day old plants grown on soil the first two true leaves show a range of different
trichome stages from initiating to easily visible trichomes. In the TR control the GFP fusion
protein was detected in epidermal nuclei, as well as in nuclei of already developed trichomes
(Fig.2.26.C). In the T3 of TR-KNB1-TAP overexpression lines that were previously shown to
carry no trichomes this GFP signal is completely lost in the epidermis. This indicates that the
inability to form trichomes is not due to inhibited movement but to destabilization of the rescue
construct by KNB1. Interestingly, suggesting that KNB1 only acts during trichome initiation, at
later stages a GFP-GL1-KN1HD signal is detected in the epidermis despite KNB1 overexpres-
sion.
Summarized the results suggest that overexpression of KNB1 abolishes the KN1 and STM
overexpression phenotype but has no effect on stm and bp mutants. It also inhibits trichome
formation in the trichome rescue system. In both the KN1 overexpression and trichome rescue
plants KNB1 abolishes fluorescent KNOX fusion protein signals.
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3.1 Is KNB1 the result of TALE divergence?
Both classes of KNB1 interaction partners, KNOX and BLH proteins, are each derived from a
single gene already found in red and green algae (Mukherjee et al., 2009). Despite this ancient
origin the functions of flowering plant TALE genes seem to have evolved much later. Deletion of
KNOX proteins in the moss Physcomitrella (P.) patens does not affect the haploid, indeterminate
meristem or cytokinin and gibberellin biosynthesis, which are major targets of flowering plant
TALE proteins (Sakakibara et al., 2008). In ferns, plants with a dominant diploid generation,
KNOX mRNA is detected in the shoot apical region, indicating a similar role as in flowering
plants (Bharathan et al., 2002; Sano et al., 2005). In silico analysis with the protein sequence
of KNB1 revealed that it is a plant specific protein already found in P. patens, but not in algae.
So TALE and KNB1 genes were present in the ancestor of vascular plants and had the chance
to co-evolve into the interaction network found today in A. thaliana. To confirm the idea of
co-evolution it would be interesting to study the role of KNB1 in ferns and mosses.
The presence of KNB1 in non-vascular mosses also indicates that the gene originates in a
common ancestor of mosses and vascular plants. At this stage KNOX classI and classII are
thought to have separated (Mukherjee et al., 2009). In this context it is noteworthy that KNB1
interacts with distinct members of both classI and classII proteins. So one might speculate that
the emergence of several KNOX genes out of one common ancestor gene, as found in algae,
made it necessary for plants to develop additional regulatory mechanisms. KNB1 might be the
result of the pressure to separate the spheres of action of these novel genes.
3.2 Is KNB1 an essential gene?
An artificial micro-RNA directed against KNB1 did not reduce protein levels (Fig.2.12.B). The
absence of KNB1 down-regulation upon constitutive expression of the aMIR might be due to
embryo-lethality upon loss of KNB1 function, so only plants without downregulation might
have been recovered. At the same time inducible expression of the aMIR in flowers also had no
effect on KNB1 protein levels. In this stage an effective aMIR accompanied by reduced KNB1
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function might have caused severe defects in flower development, which were also not observed.
This suggests that the artificial micro-RNA directed against KNB1 is not functional.
In databases only one T-DNA insertion mutant in KNB1 is listed, but I could not confirm
this line (Fig.2.11). With a pair of insert specific primers no fragment could be amplified and
plants were not resistant to kanamycin, which should be conferred by the T-DNA insertion. This
indicates that these plants either carry no insert at all or the sequence of the insert is aberrant.
Assuming an aberrant insert, I should have been able to identify homozygous plants by the ab-
sence of a KNB1 wild-type fragment. In all plants tested, the combination of two KNB1 specific
and two insert specific primers always amplified the wild-type fragment. This either means that
homozygosity for this possibly aberrant insert is lethal, or the insert is not present. As plants
showed no phenotype, they were not further analyzed.
All KNB1 TILLING point mutation lines also looked like wild type, although a variant mim-
icking the mutant E91K showed greatly reduced interaction with full length KNAT1 in the yeast
two-hybrid system (Fig. 2.9 and 2.10.B). However, upon deletion of the HD the activation of the
reporter system was restored. The change from the negatively charged amino acid glutamic acid
(E) to the positively charged lysine (K) in the center of the highly conserved coiled-coil domain
of KNB1 might have a severe impact on protein structure and function. In fact, in silico predic-
tions of coiled-coil domains (http://groups.csail.mit.edu/cb/paircoil2/) suggest that
this domain is still intact in the E91K lines.
This mutation still opens several possibilities for future experiments, to gain more insights
about KNB1 and its interaction partners. If interaction with KNAT1 would also be abolished
in pulldown experiments with in planta expressed proteins and not only in yeast, it would be
exciting to find out if other KNOX and BLH interactions are also affected. Preliminary analysis
showed that KN1 also does not interact with KNB1 E91K in yeast. If the KNB1 interaction with
BLH proteins was still intact, the absence of a phenotype in this mutant plants would indicate
that KNB1 interaction with only one partner of the KNOX/BLH1 dimer might be sufficient for
KNB1 function.
As the artificial miRNA approach did not result in decreased levels of endogenous KNB1,
the most promising attempt to reduce KNB1 seems to be an inverted repeat silencing con-
struct. However this still awaits full analysis. In transient expression experiments the silencing
construct seemed to have a strong effect on a KNB1-RFP fusion protein (Fig.2.13). Despite
this promising pretest, all transgenic A. thaliana plants constitutively expressing this construct
showed wild-type KNB1 protein levels and resembled wild-type plants. Inducible expression
circumvents the possible lethality of constitutive KNB1 silencing so these plant lines might al-
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low us to study downregulation of KNB1 at different developmental stages. In the future the
expression of the silencing construct should be confirmed and inducible lines established.
Taken together, the difficulties to establish a KNB1 mutant line or plants having lower levels
of KNB1 protein point to an essential role of KNB1 in development. T-DNA insertion lines
might not be available because insertions in most regions of KNB1 could be lethal. The artificial
micro-RNA was not functional, or plants with a functional miRNA could not be recovered.
Point mutation lines causing phenotypical changes are also not available. Attempted constitutive
expression of a silencing construct that might be functional did not reduce KNB1 protein levels,
again indicating that only plants with fully functional KNB1 levels are viable.
3.3 KNB1 is not the missing link between KNOX proteins
and the cell cycle
The cell cycle is highly active in the SAM in continuous cell division events. Heterodimers of
cyclin dependent kinases (CDKs) and cyclins regulate cell cycle transitions. Changed levels of
B2-type CDKs and a dominant negative CDKA;1 affect meristem organization and plant de-
velopment (Andersen et al., 2008; Gaamouche et al., 2010). How they are connected to SAM
defining proteins like STM and WUS is still unknown. KNB1 contains a putative cyclin in-
teraction site and its rice orthologue was shown to interact with a KNOX protein and a cyclin.
Unfortunately no cyclin interaction partner of A. thaliana has been identified so far. As the root
tip is easily accessible for analysis and cyclin B1;1 expression overlaps there with endogenous
KNB1, cyclin B1;1 GUS and GFP fusion reporter lines were observed for effects of KNB1
overexpression. No changes were detected indicating no effect of KNB1 overexpression on cy-
clin B1;1 (Fig.2.20). Flow cytometric measurements of nuclear DNA content of KNB1-RFP
overexpression plants also revealed no changes (Fig.2.21).
Taken together I could not confirm a link between KNB1 and cell cycle regulation. Further
analysis will be needed to properly test all cyclin bimolecular fluorescence complementation
(BiFC) constructs in combination with KNB1, as the yeast two-hybrid screen might have missed
weak interactions.
3.4 KNB1 is not exclusively nuclear
KNB1-RFP or KNB1-GFP expressed from the 35S promoter, either transiently or in stable trans-
genic plants, show nuclear localization, which I confirmed by co-staining of nuclear DNA with
DAPI (Fig.2.7). Only in plants with exceptionally high levels of the fusion proteins a weak
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cytosolic signal was sometimes observed. KNB1 is a small protein with a calculated molecu-
lar weight of 16kDa. This is small enough to passively diffuse in and out of the nucleus, like
shown for free GFP with 27kDa (Grebenok et al., 1997). In contrast, the fusion proteins with
47kDa and 43kDa are larger than the limit of 40kDa for passive diffusion through the nuclear
pore (Keminer and Peters, 1999). As GFP and RFP on their own are found in the cytosol and
the nucleus, KNB1 has to be responsible for concentrated localization in the nucleus. Whether
KNB1 itself triggers nuclear import or it is co-transported with other proteins remains to be an-
alyzed. Protein levels are very high upon expression from the 35S promoter, which might alter
the regulation of KNB1 levels and localization. In addition ectopic expression in tissues without
endogenous KNB1 might influence the subcellular localization of the fusion protein.
In contrast to the fluorescent KNB1 fusion proteins KNB1-GFP-GUS expressed from the en-
dogenous promoter shows clear nuclear localization only in the vasculature and mature leaf cells
(Fig.2.14.B.5 and 2.15.D). In other regions like the root and trichomes a nuclear signal was of-
ten observed in addition to cytosolic staining. The level of expression might play a role. In the
root tip, young trichomes and leaf primordia, where GUS expression is highest, staining is not
restricted to special compartments. In young leaves, the root elongation/differentiation zone and
older trichomes, the signal is weaker and nuclear localization more often observed. These are
more differentiated regions indicating that expression levels might be correlated with the differ-
entiation status of cells as well as with the subcellular localization. Major drawbacks of GUS
reporter systems are the diffusion of soluble intermediates of the enzymatic reaction and the
high stability of GUS. So the turn-over of the endogenous protein is not taken into account and
this might lead to artificially high fusion protein levels. High amounts of substrate intermediate
in turn make diffusion more likely, for example out of the nucleus into the cytosol. On the other
hand KNB1-GUS is too big to diffuse from the nucleus into the cytosol, which might not reflect
the endogenous situation. Taken together, diffusion of the substrate intermediate might balance
the retention of the fusion protein in the nucleus so results from the GUS reporter system might
be close to the endogenous situation.
Two more results indicate, that KNB1 is not exclusively nuclear. First, it acts as a non-cell
autonomous protein. For movement is has to be transported though the cytosol to and through
plasmodesmata into neighboring cells, where it then again localizes to nuclei (Kragler et al.,
unpublished data). Second, BiFC analysis of KNB1 and KNAT1 or KNB1 and MPB2C resulted
in reconstitution of YFP in the cytosol, not in the nucleus (N. Winter, personal communication).
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In summary, while fluorescent KNB1 fusion proteins are actively localized only to nuclei, this
might not reflect the situation in wild-type plants. Presence of KNB1 in the cytosol might be
important for its function.
3.5 The KNOX MEINOX domain as facilitator and the
homeodomain as a suppressor of KNB1 interaction
For the KNOX binding partners KNATM/PTS the KNOX domains necessary for interaction
have not been defined, while MPB2C and probably also OFPs interact with the homeodomain
(HD) (Hackbusch et al., 2005; Winter et al., 2007; Li et al., 2011). BLH proteins interact with the
MEINOX domain of KNOX proteins (Bellaoui et al., 2001). In yeast two-hybrid experiments
deletion of theMEINOX domain of KNAT1 abolishes interaction with KNB1 (Fig.2.3). That this
domain is also sufficient for interaction is shown by KNAT1∆N and ∆ ELK NLS HD constructs,
which have only the MEINOX domain in common and are both able to interact as strong as
the full-length protein. These results could be confirmed upon transient expression of KNB1 in
plants in combination with either KNAT1 full-length or deletion constructs. I could pull down
KNB1 efficiently only when theMEINOX domain was present (Fig.2.5). Transient expression in
tobacco, in comparison to interaction assays in yeast, has the advantage that in this plant system
post-translational protein modification are possible and proteins are not artificially targeted to the
nucleus. Information obtained from transient expression in tobacco and pulldown experiments
is thus much more relevant for endogenous A. thaliana proteins.
As the MEINOX domain is also necessary for interaction with BLH proteins, it would be
interesting to see, whether KNB1 and BLH proteins compete for interaction with the MEINOX
domain, or if they bind simultaneously (see chapter 3.7).
Two lines of evidence indicate, that the HD of KNAT1 might be involved in negative regu-
lation of the interaction with KNB1. First, the TILLING E91K mutated KNB1 interacts with
KNAT1 only in the absence of the HD (Fig.2.9). The mutation might reduce the strength of
interaction with KNAT1. It could be further reduced by the HD, making it too weak to induce
the yeast reporter system. Removal of the HD might push the strength of the interaction above
a threshold for reporter activation. Second, in yeast three-hybrid experiments in the uninduced
state BEL1 abolishes the KNAT1/KNB1 interaction, which is partially restored upon removal of
the KNAT1 HD (Fig.2.18.A). As shown for MPB2C, I would assume that low levels of BEL1
are present in the repressive state. After induction BEL1 is dominant also in the absence of the
KNAT1 HD (Fig.2.18.B). With low BEL1 levels in the uninduced state the explanation might be
similar to the TILLINGmutation. With full-length KNAT1 the HDmight even support the active
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interaction with BEL1 (Bellaoui et al., 2001). Upon induction BEL1 proteins largely outnumber
KNB1 proteins as interaction partners, tilting the balance towards BEL1 KNAT1 interactions.
To summarize, the MEINOX domain of KNAT1 is necessary and sufficient for KNB1 inter-
action, while the HD might act as a negative regulator. The BEL1/KNAT1 interaction seems to
be dominant over the KNB1/KNAT1 interaction.
3.6 The KNB1 expression pattern borders or overlaps with
its interaction partners
Our data and results from our collaboration partners Valerie Mach and Joachim Uhrig (De-
partment of Botany, University of Cologne, Germany) show interaction of KNB1 with specific
KNOX and BLH proteins. STM and KNAT1 are KNOX classI proteins, while KNAT3 belongs
to KNOX classII. BLH1 and BLH6 were also shown to interact with KNB1.
Little is known about BLH6. It is suggested to act via auxin signaling in flowering time
and gynoecium development (Silva and Pelaz, 2007). The TALE/OFP interaction network es-
tablished by Hackbusch et al. (2005) places BLH6 as an interaction partner of BLH1 and all
KNOX proteins except KNAT7. This wide range of KNOX interactions in yeast two-hybrid
assays and their distinct expression domains raises the question if all these interactions exist
in planta. The interactions of BLH proteins with KNB1 were also not confirmed in plants but
might be significant, as KNB1 shows interaction only with a small set of TALE proteins.
BLH1, the other BLH interaction partner of KNB1, is involved in diverse processes like nitrate
assimilation, far-red light response and embryo sac development. It was shown to directly bind
to the promoter of nitrate reductase and elevate its expression in response to infection with
the symbiotic fungus Piriformospora indica (Sherameti et al., 2005). KNB1 promoter activity
is detected in the root tip and in the vasculature of the differentiated root (Fig.2.14.B.2 and
3). This overlap of KNB1 expression and a function of BLH1 in the root places KNB1 as a
possible regulator of BLH1 in the root. Staneloni et al. (2009) identified a core sequence for
BLH1 binding to promoters of far-red light induced genes in response to sustained irradiation.
KNB1 has not been implicated in light responses. Data from arrays suggest that KNB1 is not or
only slightly light regulated (eFP Browser: http://bar.utoronto.ca/efp_arabidopsis/
cgi-bin/efpWeb.cgi). As the expression pattern of BLH1 is not known one can only speculate
about an involvement of KNB1 in light regulation.
In the BLH1 missexpression mutant eostre embryo sacs often contain 2 egg cells and only
one synergid cell (Pagnussat et al., 2007). This defect is due to ectopic expression of BLH1 in
ovules, which is in wild type only found in the transmitting tract and the funiculus. A similar
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phenotype was observed upon mutation of the ovule expressed BLH1 interaction partner OFP5,
which might relocalize BLH1 from the nucleus to microtubules in the wild type (Hackbusch
et al., 2005; Pagnussat et al., 2007). KNB1 expression was observed in the funiculus of unfer-
tilized ovules, in ovary walls and in ovules after fertilization so it might be involved in BLH1
regulation in the gynoecium in the wild type (Fig.2.14.B.8 and 9).
The KNOX protein KNAT3 shows a complex expression pattern. It is found in young leaves,
buds, pedicels, in organ junctions like ovule/funiculus or the base of the silique, in petioles of
developing leaves and most of the root, but is excluded from the root tip and root primordia
and the lateral/primary root junction (Serikawa et al., 1997; Truernit et al., 2006). Interestingly,
KNAT3 expression is elevated by far-red light and continuous white light and it is not nuclear
by default. KNB1 presence overlaps with KNAT3 expression in young leaves, buds, the base of
the silique and the root (Fig.2.14.B). In the root KNB1 expression is partially complementary to
KNAT3 with strong KNB1 expression in the root tip and elongation zone and lateral root primor-
dia, from which KNAT3 is excluded. This mix of partial overlap and some exclusive expression
domains indicates that KNB1 could be involved in KNAT3 regulation only in some spatial and
temporal contexts.
STM is the KNOX gene with the least diverse expression pattern and at the same time loss of
STM function causes the most severe phenotype (Long et al., 1996). Expression is exclusively
detected in aerial meristems, at the center of the developing gynoecium (replum/septum) and
weakly in the stem, but always excluded from initiating organ primordia. To find out where
exactly in the shoot apical region KNB1 is expressed more cross-sections would be needed.
The signal is definitely strong in leaf primordia but seems to be weak or absent in the SAM
(Fig.2.14.B.4). This would place KNB1 in proximity, but complementary to the STM expres-
sion domain. In the gynoecium a similar complementary expression was observed. While
STM is found in the central part that gives rise to ovules KNB1 is strongest in the integuments
(Fig.2.15.C). After fertilization KNB1 was clearly detected in ovules, again showing expression
where STM should not be active (Fig.2.14.B.9). Scofield et al. (2007) downregulated and ectopi-
cally expressed STM in the inflorescence, confirming the importance of tight STM regulation in
carpel development.
KNAT1 is expressed in the vegetative meristem in the peripheral and rib zone, but like STM
excluded from primordia, and also found adjacent to the vasculature. In the inflorescence shoot
KNAT1 is found in the cortex of the stem and flower pedicels, in the style and replum and the
silique abscission zone (Lincoln et al., 1994; Ori et al., 2000; Alonso-Cantabrana et al., 2007). In
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contrast to STM, which is only bordering but probably not overlapping with the KNB1 expres-
sion domain, KNAT1 and KNB1 are found partially in the same regions. KNB1, like KNAT1,
seems to be present in the rib meristematic zone, in the style and in the abscission zone of
siliques, they might also overlap in the vasculature (Fig.2.14.B). In other sites of KNAT1 ex-
pression like the pedicel and the replum KNB1 is not detected. This partial overlap raises the
question of additional factors that might be involved in KNB1 regulation of TALE proteins.
They might decide whether KNB1 has a destabilizing effect on TALE proteins or they can co-
exist.
In summary, KNB1 interacts with a diverse set of TALE proteins. STM and KNAT1 are
KNOX classI proteins that show cell-to-cell movement. KNAT3 is a cell autonomous KNOX
classII protein and BLH1 and BLH6 are BLH TALE proteins. Similar apparently random inter-
actions with KNOX and BLH proteins have been reported for OFP proteins and KNATM/PTS
(Hackbusch et al., 2005; Kimura et al., 2008; Magnani and Hake, 2008). This indicates a very
specific function of KNB1 and the other interaction partners and different layers of regulatory
possibilities for plants. Still unknown factors might decide, whether overlapping KNB1 and
KNOX expression patterns lead to KNOX degradation. Together they might establish borders
for KNOX proteins.
3.7 Does KNB1 interact with KNOX/BLH heterodimers?
Maybe KNOX/BLH heterodimer formation determines if TALE proteins are regulated by KNB1
or can co-exist. The interaction of KNB1 with both KNAT3 and BLH1 opens the possibility
for KNB1 to interact not only with either BLH or KNOX protein but with a KNOX/BLH het-
erodimer, as KNAT3 and BLH1 are known to interact (Hackbusch et al., 2005; Pagnussat et al.,
2007). This dimer formation is functionally relevant, as a knat3 mutation partially suppresses
the BLH1 misexpression phenotype eostre. This suggests that removal of the KNAT3 interaction
partner from ovules, where it is normally expressed, reduces the impact of BLH1 misexpression
(Pagnussat et al., 2007). In contrast to KNB1, which interacts with KNAT3 and BLH1, OFP5
interacts only with BLH1 and causes relocation into the cytosol (Hackbusch et al., 2005). This
shows that for other KNOX regulators interaction with one protein of the heterodimer is suffi-
cient to affect them.
In addition to the BLH1/KNAT3 interaction, BLH1 also interacts with STM, and BLH6 inter-
acts with all three KNB1 KNOX interaction partners in the yeast two-hybrid system (Hackbusch
et al., 2005). These interactions still lack confirmation by other methods but this would place
KNB1 in a network of diverse heterodimers. All KNOX proteins it interacts with have BLH in-
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teraction partners that probably also interact with KNB1, and vice versa. This raises the question
whether KNB1 preferentially interacts with KNOX proteins, BLH proteins, or the heterodimers.
Interaction with both components of a heterodimer might enhance the effect of KNB1. Contrary
it is also possible that binding of KNB1 to one of the proteins abolishes heterodimer formation.
Also binding of KNB1 to both heterodimer partners might even tighten regulation. Removal of
one partner already reduces heterodimer formation. Binding to BLH and KNOX makes it even
more unlikely that both are missed by KNB1 and can form a functional heterodimer.
In the yeast two-hybrid system KNB1 showed interaction with single TALE proteins, indi-
cating that a KNOX/BLH heterodimer formation is not a prerequisite for KNB1 interaction in
yeast. Also in the pulldown experiments KNB1 interaction with KNOX proteins was confirmed,
without additional expression of BLH proteins. I used a transient N. benthamiana system for
expression of the interaction partners, so potential endogenous plant interaction partners were
present. I cannot exclude that N. benthamiana proteins played a role in the interactions between
KNOX proteins and KNB1. This might explain why, although in very low amounts, KNB1
could be pulled down with KNAT1 lacking the MEINOX domain essential for interaction in
yeast. Here the KNOX HD and KNB1 binding MPB2C could also be the linking factor, as
MPB2C is found in very low levels in tobacco leaves.
In the yeast three-hybrid system interaction between KNB1 and KNAT1 was abolished by
BEL1, indicating that KNAT1/BEL1 heterodimer formation is stronger than the KNB1 interac-
tion (Fig.2.18). While BEL1 presence interferes with the interaction between KNB1 and full
length KNAT1 and most KNAT1 deletion constructs, the reporter system is activated in com-
bination with KNAT1 variants that have no HD, in the uninduced state. The MEINOX domain
still present in these constructs is sufficient for KNAT1 interaction with both KNB1 and BLH
proteins, so this effect of a deleted HD was unexpected. Bellaoui et al. (2001) showed in yeast
two-hybrid assays that the HD of BEL1 is involved in interactions with KNAT1, so maybe the
HD of KNAT1 has a similar function and its deletion weakens the KNAT1/BEL1 interaction,
allowing some interaction with KNB1. At the same time the HD might have a negative effect
on the KNB1/KNAT1 interaction (see chapter 3.5). Upon removal of the HD the KNB1/KNAT1
interaction would be stronger than the KNB1/BEL1 interaction when BEL1 is uninduced and
levels are low.
It cannot be excluded that the loss of KNB1/KNAT1 interaction in this setup is due to inter-
action of KNB1 with BEL1, and not KNAT1/BEL1 interaction as the screen for KNB1 TALE
interaction partners might have missed weak interactions.
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However, what this three-hybrid result clearly shows is that KNB1 does not interact with
the KNAT1/BEL1 heterodimer. Whether KNB1 can interact with other heterodimers cannot
be answered by my experiments. Because of the yeast two- and three-hybrid results and the
pulldown, where BLH proteins are not needed for KNOX binding, I would assume that KNB1
mainly interacts with single KNOX or BLH proteins and not with heterodimers.
3.8 KNB1 overexpression does not reduce rescue in stm
mutants
The severe stm-11 loss-of-function mutant was first described by Long and Barton (1998) as
completely lacking a SAM and developing no shoot or leaves. Reports about spontaneous rescue
in this line are contradictory. Carles et al. (2004) stated that after 21 days no plants showed
rescue, while Jun et al. (2010) observed development of leaves in 10% of plants after 20 days.
Both groups increased the rescue rate by additional mutations affecting meristem function genes
and KNOX repressors (BOP genes), respectively. In the case of stm-11 bop mutants the rescue
depended partially on KNAT1 (Jun et al., 2010).
To answer the question whether KNB1 has an effect on stm-11 rescue KNB1 overexpression
lines were crossed into stm-11 heterozygous plants. The F2 was analyzed for rescue frequency
after removal of wild-type looking plants (Fig.2.23). As the stm-11 mutation is in Ler ecotype
and KNB1 overexpression plants used were Col0, I included a Col0 wild-type control cross.
In this control, the number of plants with rescue rose steadily over time. After 20 days 30% of
plants had started to develop leaves (Fig.2.23.B). This higher rescue rate than the numbers found
in literature might be due to growth conditions and the mix of Col0 and Ler ecotype. 45% of
plants were rescuing after 35 days. At this time-point mutants without rescue were aborted and
dying so rescue rates were not further analyzed.
The rescue rates after crossing of all three KNB1 overexpression lines were similar to the Col0
control, also the different phenotypes observed did not differ. This indicates that excess KNB1
does not inhibit redundant KNOX genes, especially KNAT1, from taking over STM function, as
might have been expected. One possible explanation for this result is that in the endogenous do-
main of strong KNB1 expression additional KNB1 from the 35S promoter might not add enough
protein to make a difference. In addition putative other KNB1 interaction partners necessary for
its function might be missing, where KNB1 is ectopically expressed, or they do not induce degra-
dation as they detect no elevated KNOX levels. This is in line with the wild-type appearance
of KNB1 overexpression plants, which might be due to the same reasons. On the other hand,
preliminary results suggest that down-regulation of KNB1 in spontaneous KNB1-RFP silencing
lines crossed with stm5 mutants increase the rescue rate (Kragler et al., unpublished data). This
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might be due to higher levels of other KNOX proteins in the absence of KNB1.
Overexpression of KNB1 in KNAT1 mutants (bp) gave the same result. The amount of plants
showing downward pointing siliques, the most obvious sign of the KNAT1mutation, was similar
in Col0 wild-type control crosses and in KNB1 overexpression crosses (Fig.2.24). In compar-
ison to the parent mutant line in Ler ecotype most crossed plants with bp phenotype showed
less extreme downward pointing of siliques. This is probably due to the mix of Col0 and Ler
background as the erectamutation of the Ler ecotype enhances the bp phenotype (Douglas et al.,
2002). That no enhanced phenotype was observed is probably due to the same reasons as the
unchanged rescue upon crossing with stm-11.
3.9 KNB1 induces proteasomal degradation of KNOX
proteins
Several mechanisms for transcriptional and epigenetic regulation of KNOX proteins have been
described, while knowledge about protein-protein interactions and their effects is limited (see
chapter 1.2.8). KNATM/PTS and OFPs might inhibit BLH/KNOX heterodimer formation and
nuclear import by binding to TALE proteins (Hackbusch et al., 2005; Pagnussat et al., 2007;
Kimura et al., 2008; Magnani and Hake, 2008). MPB2C forces relocation of KN1 and STM to
microtubules, which abolishes the cell-to-cell movement activity of KN1 (Winter et al., 2007).
Several lines of evidence indicate that KNB1 is a negative regulator of KNOX protein func-
tion. Overexpression of KNB1 greatly reduces the STM overexpression phenotype (Fig.2.22).
Ler ecotype plants which express STM from a 35S promoter induce leaf primordia in a normal
phyllotaxis (Gallois et al., 2002). Then STM inhibits differentiation of these primordia: they fail
to develop into leaves and do not initiate trichomes or stomata, which would be an indication
of differentiation (Fig.2.22.D and E). The Col0 control cross, which are plants heterozygous for
the STM overexpression construct, are slightly larger than the STM-GR parent line (Fig.2.22.A).
This indicates a mild dosage effect between homozygous STM overexpression plants and het-
erozygous Col0 crosses, or it is caused by the mixed Col0/Ler ecotype. Phenotypically these
plants are similar to the homozygous STM overexpression parents. They initiate primordia,
which fail to differentiate. After approximately 6 weeks some of these plants produce carpels,
but no other flower parts, so they are sterile (Fig.2.22.F). This in line with a role of STM in the
inner floral whorl, where it is expressed (Long et al., 1996). Induced overexpression of STM in
the inflorescence inhibits growth of all flower parts except the gynoecium (Scofield et al., 2007).
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Ectopic carpels are formed, similar to what I observed in late stage Col0/STM overexpression
crosses.
In stark contrast to the appearance of the STM-GR overexpression lines are many KNB1 STM
double overexpression plants. Leaves are not only initiated but also differentiating and expand-
ing (Fig.2.22.D and E). Trichomes and stomata are formed. At later stages the shoot elongates
and flowers are initiated (Fig.2.22.F). Similar results were obtained by overexpression of KNB1
in three independent lines and with two different tags, a TAP-tag and an RFP fusion, indicating
that the rescue is due to KNB1 and not the tag. The downregulation of the STM phenotype might
be caused by promoter silencing, as both the STM and the KNB1 fusions are expressed from
a 35S promoter. This is rather unlikely as expression of a different gene in the same TAP-tag
vector as used for KNB1 does not result in this kind of rescue (N. Winter, personal communi-
cation). Another aspect is that promoter silencing would also abolish expression of the KNB1
fusion protein. This is not the case, as KNB1-RFP could be observed in all F1 plants of KNB1-
RFP STM crosses. The return of differentiation in leaves is also not caused by mixing of two
ecotypes, as the Col0 control cross showed no rescue of leaf formation. In addition suppression
of the STM overexpression phenotype was also observed when transgenic 35S::KNB1-RFP Ler
ecotype plants were crossed into the STM overexpression line, supporting the notion that the
ecotype plays no role in this rescue.
To support these findings a second A. thalianaKNOX overexpression line with elevated levels
of KN1 was also crossed into KNB1 overexpression lines. All F1 plants were derived from one
KN1 overexpression parent plant, to avoid a gradient in the severity of the phenotype found in the
parent line. These 35S::KN1-GFP lines are stunted and have lobed leaves to different degrees,
although some plants are hardly distinguishable from the wild type. I classified plants as having a
KN1 phenotype when they showed both characteristics: lobed leaves and dwarfism, which were
visible on the parent plant used for the crosses (Fig.2.25.A). A Col0 control cross was included
to obtain heterozygous KN1 overexpression plants as a comparison to the heterozygous KN1
KNB1 double overexpression F1. In the control cross a dosage effect of KN1 was observed.
In comparison to the parent line, heterozygous KN1 overexpression plants were less affected.
About half of the plants looked like wild type, some where slightly reduced in size and 40% had
lobed leaves and were dwarfed, categorizing them as KN1 overexpression plants (Fig.2.25.B
and C).
In contrast in KN1-GFP x KNB1-RFP or x KNB1-TAP heterozygous lines the percentage
of F1 plants with a KN1 phenotype ranges from none to below 20% (Fig.2.25.C). All KNB1
overexpression lines tested caused a reduction in the number of plants with a KN1 phenotype,
indicating that this effect is not due to a specific line or tag, as overexpression of KNB1-TAP had
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a similar effect as overexpression of KNB1-RFP. In this case there is also no mixing of ecotypes
as both the KN1 and the KNB1 overexpression lines are in a Col0 background.
Taken together, both the KN1 and the STM overexpression phenotype are reduced or abol-
ished by additional overexpression of KNB1. As both proteins are direct interaction partners of
KNB1 it is unlikely that this effect is due to transcriptional of translational regulation. I would
rather assume that KNB1 directly affects KNOX protein levels. KNB1 could also be involved in
changing the subcellular localization of KNOX proteins and/or it might block binding of other
interaction partners necessary for their function.
The KN1 overexpression line gave an answer to this question. KN1 is fused to GFP so the
fusion protein can be observed by fluorescence microscopy. In leaves of plants overexpressing
only KN1, KN1-GFP was easily detected in nuclei and in the cytosol (Fig.2.25.D). Upon cross-
ing of KNB1-RFP line J7.3.8 the KN1 overexpression phenotype was completely abolished. No
KN1-GFP signal was detected in leaves from these plants. KNB1-RFP expression was strong,
indicating that promoter silencing effects are not responsible for the suppression of the pheno-
type.
A similar suppressing effect by KNB1 overexpression was observed in the trichome rescue
system. In the parent trichome rescue (TR) line the fusion protein GFP-GL1-KN1HD is trans-
ported intercellularly into epidermal cells, where I detected it in nuclei. There the construct
initiates the formation of trichomes in a gl1 line (Fig.2.26.C). In contrast, no GFP signal was
detected in emerging leaves (smaller than 1mm) of plants that additionally overexpress KNB1-
TAP, and no trichomes are formed. KNB1 probably does not interact with GFP-GL1-KN1HD
directly, MPB2C might connect these proteins (see 3.10). Again this suggests that KNB1 plays
a role in the degradation of KN1. Thus KNB1 does not seem to alter the subcellular localization
or compete for binding of KNOX proteins but it affects KNOX protein stability.
The amino acids between MEINOX and ELK domain of KNOX proteins have been termed
GSE box in some reports because of several glycine (G), serine (S) and glutamate (E) residues
found there (Buerglin, 1997). This region is also enriched in proline (P) and threonine (T), to-
gether forming a PEST motif, which has been proposed to act as a signal for promoting protein
degradation (Rogers et al., 1986; M-Champagne and Ashton, 2001; Nagasaki et al., 2001). Over-
expression of the rice KNOX protein OSH15 lacking this region causes more severe phenotypes
than the full length protein, probably because the protein is more stable (Nagasaki et al., 2001).
Two targeting mechanisms have been proposed for proteins to enter the proteasomal degrada-
tion pathway. First, proteins can be tagged with poly-ubiquitin chains, which marks them for
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degradation. Second, an unstructured tail at the N- or C-terminal end of the protein might sub-
ject proteins directly to the proteasome. These unstructured ends were recently proposed to be
derived in part from protease (caspase) cleavage in the PEST motif (Belizario et al., 2008). So
on the one hand KNB1 might recruit the ubiquitination machinery to tag KNOX proteins for
degradation, for example by secondary modifications of the target or by inducing signals, both
increasing the affinity to a E3 ubiquitin ligase. On the other hand it could mediate KNOX cleav-
age by proteases, to generate unstructured tails for proteasome targeting.
That KNOX proteins are regulated in part by proteasomal degradation has been proposed by
Huang and Huang (2007). Ectopic outgrowth on leaves were observed in loss of function mu-
tants of RPN8a and RPT2a, two 26S proteasome subunit genes. KNAT1, KNAT2 and KNAT6
were ectopically expressed in leaves carrying these outgrowths indicating that the 26S protea-
some is involved in repression of classI KNOX proteins. RPN8a and RPT2a are subunits of the
19S regulatory particle (RP), which unfolds the substrates and regulates entrance to the 20S core
particle (CP) with proteolytic activity. Together the 19S RP and the 20S CP form the 26S pro-
teasome. In general expression levels of proteasome subunit genes are high in actively dividing
cells like the SAM, which is in line with a role of proteasomes as developmental regulators by
degradation of transcription factors (Kurepa and Smalle, 2008).
This suggests that KNB1 might provide the link between KNOX proteins and abundant pro-
teasomes in young tissues that start to differentiate. Whether degradation is triggered by ubiqui-
tination, unstructured protein ends, or both remains to be established. Overexpression of KNB1
in wild-type plants is not sufficient for degradation of KNOX proteins and KNOX proteins are
only targeted when their levels are elevated. From this I conclude that an additional, still un-
known protein is the checkpoint for KNOX levels, deciding whether they are degraded or not.
This unknown protein might also decide whether KNOX proteins are degraded where expres-
sion of KNOX and KNB1 overlaps and together they could form an a new mechanism to define
borders for KNOX protein action. One candidate protein might be found in the KNB1 and HD
interacting protein MPB2C.
3.10 Interaction between KNB1 and MPB2C is functionally
relevant
Both KNOX regulator proteins KNB1 and MPB2C interact with each other. While KNB1 prob-
ably induces degradation of KNOX proteins, MPB2C re-localizes them to microtubules and thus
inhibits their cell-to-cell movement (Winter et al., 2007). To test the functional relevance of the
KNB1 MPB2C interaction the yeast three-hybrid system was applied. MPB2C was expressed in
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yeast in addition to KNB1 and KNAT1, which activate the reporter system by their interaction.
The presence of MPB2C completely abolished activation of the reporter system (Fig.2.17.A).
Two possible explanations were found for that. First, KNB1 levels as shown by western blots
are greatly reduced or completely abolished (Fig.2.17.B). This indicates that KNB1 is destabi-
lized in the presence of MPB2C.
Second, despite the presence of an NLS provided by the yeast vector, I never found MPB2C-
GFP localized to the nucleus (Fig.2.19.B). This localization is not due to the used GFP tag, as
the GFP control is found in both nucleus and cytosol (Fig.2.19.A). In addition MPB2C-GFP had
the same effect on the KNB1 KNAT1 interaction as the untagged protein, indicating that the
fusion is functional. From this I conclude that MPB2C is retained in the cytosol in yeast. This
is in line with MPB2C localization in plants, where it is found associated to microtubules and
not detected in the nucleus, and re-localizes KNOX proteins to microtubules. So MPB2C might
change the localization of its interactions partners KNB1 and KNAT1 in yeast. They might still
interact but the reporter system in the nucleus would then not be activated.
MPB2C might play an important role for the effect of KNB1 on the trichome rescue system
(Fig2.26). In the line I used the rescue construct contains only the homeodomain of KN1 and not
the full length protein. According to yeast two-hybrid and co-immunoprecipitation results the
homeodomain is not sufficient for interaction with KNB1. For KNB1 to affect the stability of the
rescue construct, a linker binding to the homeodomain has to bring KN1 and KNB1 together.
This linker might be the endogenously expressed MPB2C, which is present at relatively high
amounts in leaf primordia at the stage when trichomes are initiated (Winter et al., 2007). This
would be in line with the observation that the fluorescent rescue construct can be detected in
leaf tissues at later stages, where no endogenous MPB2C is expressed. To analyze if MPB2C
or another protein is the linker, one could observe the effect of KNB1 on trichome rescue upon
MPB2C downregulation. Unfortunately, like for KNB1, no significant reduction in MPB2C
protein levels could be achieved by a transgenic approach in several attempts so this hypothesis
could not be tested (N. Winter, personal communication).
One more indication that the interaction between KNB1 and MPB2C is relevant comes from
infection experiments (Fig.2.16). While plants overexpressingMPB2C are more resistant against
viral infections, KNB1 overexpression alone does not alter the infection rate. In contrast, KNB1
MPB2C double overexpression plants are significantly more susceptible to viral infections than
the wild type, despite showing no phenotypical aberrations.
These different effects of MPB2C indicate that KNB1 association with MPB2C in the cytosol
is involved in degradation of KNB1 and probably also its interaction partners such as the KNOX
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proteins. In the yeast three hybrid experiments expression of MPB2C resulted in undetectable
amounts of KNB1. In the cytosol of subepidermal cells in trichome rescue plants MPB2C bound
to the HD of KN1 might be targeted by KNB1 and induce degradation of the complex.
In KNB1 MPB2C double overexpression plants most fluorescently tagged KNB1 is found
in the nucleus, where it is unaffected by MPB2C. In the cytosol it might be degraded by ex-
cess MPB2C. This could also explain the increased susceptibility for viral infections in dou-
ble overexpression plants. Cytosolic KNB1 might interact with MPB2C, potentially associated
with other unknown factors important to restrict viral cell-to-cell movement. Overexpression of
KNB1 alone is probably not sufficient to trigger degradation and only in the presence of excess
MPB2C this unknown protein complex might be degraded, with the effect that viral infections
are enhanced.
Taken together, MPB2C with KNB1 might initiate the degradation of KNOX proteins in the
cytosol. This is in line with the observation that endogenous MPB2C is degraded by the protea-
some and BiFC interactions between KNB1, MPB2C and KNAT1 were observed in the cytosol
(Winter et al. (2007) and N. Winter, personal communication). MPB2C might target the com-
plex to microtubules, from where another MPB2C interacting protein, the movement protein of
TMV, has been proposed to enter the proteasomal pathway (Padgett et al., 1996; Reichel and
Beachy, 2000; Kragler et al., 2003).
3.11 Conclusion
• KNB1 might be an essential gene and loss of function might be lethal.
• KNB1 fluorescent and GUS fusion proteins are found in the nucleus and BiFC constructs
in the cytosol.
• The KNOX MEINOX domain is necessary and sufficient for interaction with KNB1.
• The KNOX homeodomain has a potential negative effect on KNB1 interaction.
• KNB1 interacts specifically with some KNOX and BLH proteins that form heterodimers
among each other.
• KNOX/BLH heterodimerization might not be needed for KNB1 interaction, the single
proteins might be sufficient.
• The KNB1 expression domain borders or overlaps partially with the expression pattern of
its interaction partners.
• Ectopic KNB1 triggers degradation of aberrantly produced KNOX proteins.
• KNB1 restricts KNOX protein presence post-translationally via submitting them to pro-
teasome dependent degradation.
• In some cases MPB2C might play a role in this degradation in the cytosol.
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Figure 3.1: Model of KNB1 protein action. Like KNOX proteins, KNB1 is found in both nucleus
and cytosol. An unknown protein X decides about proteasomal degradation of KNOX proteins, which
is facilitated by KNB1. In the cytosol microtubules associated MPB2C leads to degradation of KNB1
and associated proteins.
• A still unknown protein might be the checkpoint for KNOX protein levels.
3.12 Model
A possible model of KNB1 action is shown in Fig. 3.1. KNOX proteins, KNB1, and an unknown
protein X are found in the nucleus and the cytosol. X decides whether KNOX proteins are sub-
jected to proteasomal degradation by KNB1. In the cytosol microtubule associated MPB2C
provides additional regulation. It leads to degradation of KNB1 and associated proteins. Over-
expression of KNB1 alone is not sufficient to induce KNOX degradation. X has to decide first,
that KNOX levels are elevated and have to be reduced by KNB1. I would assume that not only
one X protein exists but there might be a group of proteins acting as checkpoints for KNOX
levels, MPB2C being one of them. This would build a highly sophisticated regulation system
allowing specialized action in different tissues and developmental stages.
Some interesting questions that remain to be answered are:
- Does KNB1 affect primarily KNOX/BLH heterodimers or single proteins?
- What is the role of MPB2C in this network? Is it one of the X proteins in the cytosol?
- What is the effect of reduced KNB1 protein levels?
- Why are some KNOX proteins and KNB1 non-cell autonomous proteins?
- Why is KNB1 specifically interacting only with some TALE proteins?
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4 Materials and Methods
4.1 Bacteria
4.1.1 Bacterial strains
• Streptomycin resistant TOP10 chemically or electro- competent E. coli for vector propa-
gation.
• DB3.1TM electrocompetent E. coli for propagation of vectors containing toxic ccdB genes.
• AGL1 electrocompetent A. tumefaciens for transformation of plants.
4.1.2 Bacterial stocks
Mix 500µl of dense bacterial overnight culture with 500µl of 50% glycerol. Store at -80◦C.
4.1.3 Luria-Bertani (LB) medium
LB liquid medium 1l
10g peptone
5g NaCl
5g yeast extract
LB plates 1l
10g peptone
5g NaCl
5g yeast extract
10g agar
Add necessary antibiotics after cooling to approximately 55◦C. The following concentrations of
antibiotics were prepared as 100x stocks:
• Carbenicillin or Ampicillin: 100mg/ml in water.
• Chloramphenicol: 34mg/ml in ethanol.
• Kanamycin: 50mg/ml in water.
• Spectinomycin: 100mg/ml in water.
• Zeocin: 50mg/ml in water, use in LB pH = 7,5.
• Streptomycin: 50mg/ml in water.
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4.1.4 Preparation of electro-competent bacteria
• Grow overnight culture in 3ml LB liquid medium including necessary antibiotics.
• Dilute overnight culture in 300ml liquid LB including antibiotics.
• Grow bacteria until the absorbance at 600nm reaches 0,8.
• Perform all following steps on ice or at 4◦C.
• Harvest cells by centrifugation (12min, 4◦C, 7500g).
• Wash pellet in ice cold, autoclaved ddH2O: 1x in 300ml, 1x in 100ml, 1x in 50ml
• Wash pellet in 50ml ice cold, autoclaved 10% (w/v) glycerol.
• Resuspend pellet in 2-5 ml ice cold, autoclaved 10% (w/v) glycerol.
• Shock freeze 200µl aliquots in liquid nitrogen, store at -80◦C.
4.1.5 Transformation of electro-competent bacteria
• Prepare approximately 1 µg DNA in electroporation cuvette.
• Add 100µl electro-competent bacteria.
• Pulse with 1,7kV, 25µF, 200Ohm (0,85kV for A. tumefaciens).
• Add 900µl LB and transfer into a microcentrifuge tube.
• Incubate with shaking for 1h at 37◦C (E. coli) or 28◦C (A. tumefaciens).
• Plate cells on LB plates containing the necessary antibiotics.
4.1.6 Colony PCR
• Pick E. coli or A. tumefaciens colony from plate with a toothpick, resuspend in 20µl LB.
• Use the same toothpick for a replica plate.
• Use 2µl for a 20µl PCR.
• Include a 5min 94◦C boiling step at the beginning of the PCR program.
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4.2 DNA
4.2.1 Agarose gel electrophoresis
1l 50x TAE
242g Tris
57,1ml acetic acid
100ml 0,5M ethylenediamine
tetraacetic acid (EDTA) pH 8,0
Gel and running buffer: 1x TAE
5x DNA and RNA sample buﬀer
4M urea
50% (w/v) sucrose
50mM EDTA
Heat to dissolve, then add 0,1% (w/v)
bromphenole blue.
1% agarose gels are used if not stated otherwise. Melt 1% (w/v) agarose in 1xTAE and cool to
approximately 55◦C. Add 5% (v/v) ethidiumbromide solution (of 5mg/ml) and pour into the gel
casting equipment. Allow the gel to solidify for 1h. Mix DNA with 20% (v/v) 5x sample buffer.
Run gels in 1xTAE at 100V constant current.
4.2.2 Plasmid isolation from bacteria with kit
Wizard R￿SV 96 Plasmid DNA Purification System (Promega) is used for small scale plasmid
isolation (mini prep). All steps except elution are performed according to manufacturers instruc-
tion. DNA is eluted twice in 40µl water from the column by centrifugation.
4.2.3 Plasmid isolation from bacteria “quick and dirty”
Isolated plasmids are used only for restriction digests to identify bacterial colonies containing
the desired plasmid.
Resuspension buﬀer(P1)
50mM Tris
10mM EDTA pH 8,0
100µg/ml RNaseA before use
Can be stored at 4◦C after addition of
RNaseA for several weeks.
Lysis buﬀer (P2)
200mM NaOH
1% (w/v) sodium dodecyl sulfate (SDS)
Prepare fresh before use.
Neutralization buﬀer (P3)
3M KoAc pH 5,5
• Spin down 2ml bacterial overnight culture.
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• Resuspend pellet in 300µl P1.
• Add 300µl P2 followed by 300µl P3.
• Incubate 5min on ice, then centrifuge (16000g, 4◦C, 10min).
• Transfer supernatant into a new microcentrifuge tube and add 650µl isopropanol.
• Incubate 20min at -20◦C.
• Centrifuge (16000g, 4◦C, 10min), wash pellet with 100% ethanol, then 70% ethanol.
• Dry pellet at 50◦C and dissolve in 30µl water with shaking at 50◦C.
4.2.4 Restriction digests
All restriction enzymes and corresponding buffers were purchased from Roche or New England
BioLabs. Digests are incubated at 37◦C for 2h if not stated otherwise.
Diagnostic restriction digests
2µl quick and dirty isolated plasmid DNA
2µl restriction enzyme buffer 10x
0,25µl enzyme
Add water to final volume of 20µl
Preparative restriction digests
5µl kit isolated plasmid DNA
5µl restriction enzyme buffer 10x
1µl enzyme
Add water to final volume of 50µl
4.2.5 DNA extraction from agarose gels
DNA was purified from agarose gels with Wizard R￿SV Gel and PCR Clean-Up System accord-
ing to manufacturers instructions.
4.2.6 DNA ligations
• Use 50-150ng vector and insert at a ratio of 1:5.
• Add 1µl 10x ligase buffer, 0,3µl T4 DNA ligase (NEB) and water to a final volume of
10µl .
• Incubate over night at 16◦C.
84
4.2. DNA
• Use 1-3µl of ligation for transformation of bacteria.
4.2.7 Concentration of DNA by precipitation
• Add 15 volume 3M sodium acetate pH 4,8 to the DNA.
• Add 2,5 volumes of ethanol.
• Precipitate DNA 10min at room temperature.
• Centrifuge (16000g, 10min) and decant the supernatant.
• Wash pellet with ice cold 70% ethanol.
• Air dry the pellet and dissolve in water.
4.2.8 Gateway R￿ BP/LR recombination reaction
In a BP reaction a PCR product flanked by attB recombination sites is recombined into a donor
vector containing attP recombination sites giving rise to an entry vector with attL recombina-
tion sites. Entry vectors are used for recombinations into a large variety of destination vectors
containing attR recombination sites.
• Set up a BP (LR) recombination reaction:
2µl BP (LR) buffer (Invitrogen)
50-200ng donor (destination) vector
PCR product (entry vector) in molar ratios to donor (destination) vector: 1:1 to 5:1
0,5µl Gateway R￿ BP (LR) Clonase R￿ II enzyme mix (Invitrogen)
Add water to a final volume of 10µl
• Incubate over night at room temperature.
• Add 1µl Proteinase K (Invitrogen) and incubate at 37◦C for 10min.
• Use 1µl recombination reaction for transformation of bacteria.
4.2.9 TOPO R￿TA cloning
• Set up cloning reaction:
2µl purified PCR product
0,5µl salt solution (Invitrogen)
2,5µl sterile water
0,5µl TOPO vector (pCR R￿II-TOPO R￿)
• Mix gently with pipette tip.
• Incubate for 5 min at room temperature.
• Use 2µl TOPO cloning reaction for transformation of bacteria.
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• Spread 100µl X-gal (20mg/ml) on LB plates before plating.
• White colonies should contain plasmids including the desired PCR product.
4.2.10 Mutagenesis of plasmids
Plasmids were mutagenized with Stratagene QuikChange II Site-Directed Mutagenesis Kit ac-
cording to manufacturers instruction and confirmed by sequencing.
4.3 RNA
4.3.1 RNA isolation with TRIzol R￿ from plant material
• Prepare DEPC water: add 200µl DEPC to 1l of water, stir over night and autoclave two
times.
• Homogenize 100-200mg plant tissue without thawing.
• Add 500µl TRIzol R￿ per 100mg and vortex vigorously.
• Incubate 5min at room temperature.
• Centrifuge (10min, 4◦C, 16000g), transfer supernatant into fresh tube.
• Add 100µl chloroform per 100mg tissue, vortex vigorously.
• Centrifuge (15min, 4◦C, 16000g) and transfer upper, transparent phase into fresh tube.
• Add 1µl DNAse (1U) and 1µl RNAsin, vortex and incubate 15min at room temperature.
• Add 300µl TRIzol R￿ and vortex.
• Add 50µl chloroform and vortex.
• Centrifuge (5min, 4◦C, 16000g) and transfer upper, transparent phase into fresh tube.
• Precipitate RNA with 1 volume isopropanol (-20◦C) and 110 volume 3M sodium acetate
pH 5,5.
• Invert tube three times and incubate 10min at -20◦C.
• Centrifuge (30min, 4◦C, 16000g) and remove supernatant.
• Wash pellet twice with 0,5ml 80% ethanol (-20◦C), centrifuge (5min, 4◦C, 16000g).
• Wash pellet with 0,5ml 99% ethanol (-20◦C), centrifuge (5min, 4◦C, 16000g).
• Remove ethanol completely, dry pellet.
• Dissolve pellet in 10-25µl DEPC water.
• Run RNA on an agarose gel to estimate RNA concentration:
– Prepare a 2% agarose gel in TBE (89mM Tris, 2mM EDTA, 89mM boric acid).
– Run 1µl RNA with 150V for 15min.
86
4.4. PROTEIN ANALYSIS METHODS
4.3.2 Reverse transcriptase (RT) reaction
• Prepare RT reaction:
2µg RNA
20pM 3’ or polyT primer
DEPC water to final volume of 12,5µl
• Incubate 10min at 70◦C.
• Add to the reaction:
2µl 10mM dNTPs
4µl 5x RT buffer (Promega)
0,5µl RNAsin (Promega)
• Incubate 5min at 37◦C.
• Add 1µl reverse transcriptase (AMV-RT from Promega).
• Incubate 1,5h at 42◦C.
• Add 1µl reverse transcriptase.
• Incubate 1,5h at 42◦C.
• Incubate 10min at 70◦C.
• Add 1µl RNAse A (of 10mg/ml).
• Use 2µl for a PCR reaction or store at 4◦C for up to two weeks.
4.4 Protein analysis methods
4.4.1 Sodium dodecyl sulfate - polyacrylamide gel electrophoresis
(SDS-PAGE)
Acrylamide
30% polyacrylamide (Biorad, acrylamide:
bis-acrylamide = 37,5:1) filter sterilize and
store at 4◦C.
Gel buﬀer
3M Tris pH 8,45
0,3% SDS
10% APS
Dissolve 10% ammonium persulphate
(APS) in water, store at -20◦C.
TEMED
Tetramethylethylenediamine from Biorad
is stored at 4◦C.
87
4.4. PROTEIN ANALYSIS METHODS
5x Cathode buﬀer
0,5M Tris pH 8,3
0,5M tricine
0,5% SDS
5x Anode buﬀer
1M Tris pH 8,9
5x Protein sample buﬀer
10% SDS
250mM Tris pH 6,8
0,25% bromphenol blue
0,5M DTT
50% glycerol
Resolving and Stacking gels
Resolving
Gel 7%
Resolving
Gel 10%
Resolving
Gel 12%
Resolving
Gel 15%
Stacking
Gel 4%
Water 0,7ml 0,2ml 0,4ml 0ml 1,25ml
50% Glycerol 1,5ml 1,5ml 1ml (75%) 1ml (75%) 0ml
Gel Buffer 1,65ml 1,65ml 1,65ml 1,65ml 0,5ml
Acrylamide 1,2ml 1,7ml 2ml 2,5ml 0,26ml
10% APS 25µl 25µl 25µl 25µl 20µl
TEMED 2,5µl 2,5µl 2,5µl 2,5µl 2µl
Assemble the Biorad Mini-PROTEAN Electrophoresis System and pipette the resolving gel
between the glass plates to fill up 2/3 of the space. Add stacking gel on top and remove air
bubbles. Insert the comb and leave the gel to polymerize for 2h. After assembly of the equipment
wash the slots. Mix the samples with 5x sample buffer, boil for 5min and load them on the gel.
Run the gel at approximately 30mA constant power.
4.4.2 Coomassie staining of polyacrylamide gels
Coomassie staining solution
30% ethanol
10% acetic acid
1% Coomassie R￿ Brilliant Blue R 250
Destaining solution
50% ethanol
10% acetic acid
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Place the polyacrylamide gel in a container and cover with Coomassie staining solution. After
30min incubation with shaking remove the staining solution and pour destaining solution onto
the gel. Exchange the destaining solution every 30min until unspecific staining of the gel is
removed. After 10min incubation in water place the gel on filter paper and dry.
4.4.3 Western blot
10x Transfer buﬀer (TB)
1,92M glycine
250mM Tris
2% SDS
Add 20% methanol before use to 1x buffer.
10x Tris buﬀered saline (TBS)
1,5M NaCl
200mM Tris pH 7,5
Add 0,1% Tween-20 before use for 1xTBS-
T.
• Run samples on a polyacrylamide gel and prepare semi-dry blotting apparatus (Trans-Blot
SD, Biorad).
• Soak 2 pieces of Whatman 17 Chr paper (0,92mm) in TB and place on the cathode of the
blotting apparatus.
• Float PVDF membrane in methanol, then in TB and place on the Whatman paper.
• Float the polyacrylamide gel in TB and place on the membrane, followed by 2 pieces of
TB-soaked Whatman paper.
• Remove air bubbles and blot the gel at 2,5mA/cm2, maximum current of 20V.
• Blot gels with up to 12% for 1h, gels with higher percentage of acrylamide for 1,5h.
• Stain proteins on the membrane with ponceau and destain with water.
• Block the blot with shaking for 30min in TBS-T with 5%milk powder (blocking solution).
• Dilute the primary antibody in the blocking solution and incubate with shaking for 2h at
room temperature or over night at 4◦C.
• Wash the blot for 2, 5, 10 and 20min in blocking solution.
• Dilute an appropriate horseradish peroxidase (HRP) coupled secondary antibody in block-
ing solution.
• Incubate the membrane for 1h with the secondary antibody with shaking.
• Wash the blot with TBS-T for 2, 5, 10, 15 and 20min.
• Cover the membrane with HRP substrate (SuperSignal West Pico Chemiluminescent Sub-
strate, Pierce) and incubate for 4min.
• Dry membrane on filter paper and detect signals on an X-ray film.
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4.4.4 Antibodies used and storage
The anti AtKNB1 peptide antibody was directed against EETTSLLHNARYLIQNPSIEQ and
raised in rabbits.
The anti AtMPB2C peptide antibody was directed against DEESLVMAAQARAYLQSLAFTY
and raised in rabbits.
The anti GFP antibody from Roche (No. 11814460001) was raised in rabbits.
Add 0,02% sodium azide to antibody solution for storage at 4◦C.
4.4.5 Stripping of western blot
Stripping buﬀer
2% SDS
62mM Tris pH 6,8
0,8% β -mercaptoethanol
• Wash western blot 2x in water.
• Warm buffer to 50◦C and incubate the membrane with agitation for 45min.
• Wash blot extensively with water.
4.4.6 Co-immunoprecipitation
Washing buﬀer
150mM NaCl
50mM Tris pH 7,5
2mM DTT
5% glycerol
1mM PMSF
0,5mM EDTA
0,5mM EGTA
2,5mM MgCl2
EDTA free protease inhibitor tablets (Roche)
Lysis buﬀer
Add 0,1% NP-40 to the washing buffer.
• Grind 400mg plant tissue in liquid N2.
• Add 500µl lysis buffer and thaw on ice, incubate for 30min and invert several times.
• Centrifuge (4◦C, 16000g, 5min), transfer supernatant and repeat centrifugation two times.
• Adjust volume to 1ml with cold washing buffer.
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• Equilibrate 30µl GFP-Trap R￿ _A (Chromotek) agarose bead slurry: add 500µl cold wash-
ing buffer, centrifuge (2800g, 2min) and wash two more times.
• Add cell lysate, incubate with gentle end-over-end mixing for 1h at 4◦C.
• Centrifuge (2000g, 2min, 4◦C) and wash beads 6 times with 500µl ice cold washing
buffer: 3min end-over-end mixing followed by centrifugation.
• Resuspend beads in 70µl protein sample buffer.
• Boil for 10min, collect supernatant by centrifugation.
4.5 Yeast
4.5.1 Yeast strains
• AH109: MATa, reporter: HIS3, ADE2, lacZ, MEL1, transformation markers: trp1, leu2.
• Y187: MATα , met−, reporter: lacZ, MEL1, transformation markers: trp1, leu2.
4.5.2 Yeast media
100ml 100x Amino acid stocks
Arginine 0,2g
Histidine 0,2g
Isoleucine 0,6g
Leucine 0,8g
Lysine 0,4g
Methionine 0,2g
Phenylalanine 0,5g
Threonine 0,5g
Tryptophane 0,3g
Valine 0,65g
100ml 50x Amino acid stocks
Tyrosine 0,1g
Adenine 0,15g
Uracil 0,2g
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Yeast extract peptone dextrose
(YPD)
2% difco peptone
1% yeast extract
2% glucose- include in plates,
add fresh before use to liquid medium
2,5% agar for plates
Synthetic Complete (SC) dropout
medium
0,67% yeast nitrogen base
2% glucose- include in plates,
add fresh before use to liquid medium
2,5% agar for plates
Add necessary amino acids after autoclav-
ing.
4.5.3 One step yeast transformation
Transformation buﬀer
0,2N lithium acetate
40% polyethylene glycol (PEG) 3350 pH 5.0
100mM dithiothreitol (DTT)
• Take approximately 50µl stationary yeast cells from a plate and resuspend in 200µl trans-
formation buffer.
• Add 1µg plasmid and 10µg heringsperm DNA.
• Vortex for 30s.
• Incubate at 45◦C for 45min with light shaking.
• Add 1ml water, spin cells down (30s, 1000g).
• Resuspend cells in 100µl water and plate on selective medium.
• Incubate for 2-4 days at 30◦C.
4.5.4 Mid-scale yeast two hybrid interaction assay
Transformed yeast colonies are transfered in stripes onto selective Singer RoToR HDA plates in
4 independent replicates: pBRIDGE constructs vertically on SC plates lacking tryptophan (-Trp)
and pGADT7 constructs horizontally on SC plates lacking leucine (-Leu). Both constructs are
spotted on top of each other for mating on YPD plates generating an interaction matrix. After 1d
at 30◦C colonies are transferred onto double selective Trp-Leu medium. After 2-3d incubation at
30◦C all four replicas are combined on one plate. These diploid colonies are used for interaction
analysis.
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4.5.5 Interaction markers
All yeast-2-hybrid interaction experiments are performed on medium containing 1mM methio-
nine to repress expression of the third protein for yeast-3-hybrid interaction analysis. For yeast-
3-hybrid interaction experiments media do not contain methionine.
HIS3
Interaction allows for growth on medium lacking histidine.
ADE2
Adenine concentration in SC-Trp-Leu medium is lowered to 3mg/l to observe red color in
colonies without interaction while colonies where interaction occurs stay white.
MEL1
100µl X-α-gal are spread on the medium. Colonies with interaction turn blue.
lacZ
Colonies are grown on a cellulose nitrate membrane (Whatman, pore size 8µm) placed on YPD
medium for 2 days. Colonies on the membrane are broken up by two freeze and thaw cycles in
liquid N2. The membrane is placed on two layers of Whatman 17 Chr paper (0,92mm) soaked
in Z buffer and incubated in the dark.
Z-buffer: 10x Buffer A: 600mM Na2HPO4, 400mM NaH2PO4. 10x Buffer B: 100mM KCl,
10mM MgSO4. Mix buffer A and B to 1x concentration and add 0,24µl β -mercaptoethanol
and 1,74% X-gal solution (5-bromo-4-chloro-3-indolyl- beta-D-galactopyranoside, 20mg/ml in
DMF).
4.5.6 Hoechst staining of yeast nuclei
• Spin down (2200g, 1min) 2ml yeast overnight culture.
• Resuspend cells in 1ml 1:1000 dilution of Hoechst in water.
• Incubate 5min, then wash 3x with water.
• Spin cells down, resuspend in 100µl water.
• Spread 50µl on a 2,7% low melt agarose cushion for microscopy.
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4.6 Plants
4.6.1 Seed sterilization
• Dissolve 10mg “Bayrochlor” (trichlorcyanurate-sodium dihydrate) in 100µl water and
add 900µl ethanol.
• Add sterilization solution to at most 50µl seeds and mix well.
• Incubate seeds for 10min.
• Perform the following steps in a sterile hood.
• Pour off sterilization solution and wash seeds 3x in 1ml ethanol.
• Remove ethanol completely and air-dry seeds.
4.6.2 Growth conditions on soil
Soil mix
70l soil (special mix ”Max Planck Institut”)
70g osmocote ”start”
2g confidor in 10l water
• Seeds are spread on soil and sprayed with water.
• Trays with pots are covered with a plastic bag.
• Seeds are stratified for 2 days at 4◦C.
• Trays are transfered to the growth chambers.
• After the seeds have germinated, the plastic bag is removed.
Plants are cultivated in a climate chamber at 22◦C with 16h of light and 8h darkness. Osram
Lumilux Cool white fluorescent tubes were used as light source and mounted approximately
40cm above the shelves.
4.6.3 Plant media, selection and induction chemicals
Mourashige and Skoog (MS) medium
0,05% MES
0,4% Mourashige and skoog medium
including vitamins
0,6% plant agar for plates
Adjust pH to 5,7.
Antibiotics
Hygromycin B 20mg/l
Kanamycin 50mg/ml
BASTA 25mg/ml
BASTA for spraying: 200mg/l
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For hygromycin B selection on plates plants are exposed to light after stratification for 6h
before being kept in the dark for 2d. After several days in light resistant plants develop more
elongated hypocotyls.
Dexamethasone is dissolved in DMSO for 100mM stocks and stored at -20◦C. Use 10µM in
MS plates or 20µM including 0,02% Silwet for spraying.
Estradiol is prepared as 500µM stocks in ethanol and stored at -20◦C. Use 5µM dilution
including 0,02% Silwet for dipping of inflorescences to induce. Use 5µM in MS plates.
Liquid seedling culture
• 200-400µl sterilized seeds are added to 100ml liquid MS medium in a 250ml flask.
• Seeds are incubated for 2 days at 4◦C to stratify.
• Incubate seeds with gentle shaking in a tissue culture room (16h light).
• Harvest seedlings several days after germination and wash with water.
• Freeze in liquid nitrogen and store at -80◦C.
4.6.4 Isolation of genomic DNA from plants
Extraction Buﬀer
200mM Tris pH 8,8
250mM NaCl
25mM EDTA
0,5% SDS
• Put plant material in 2ml microcentrifuge tube with 2 steel beads and freeze in liquid N2.
• Homogenize in a cooled TissueLyser (Qiagen) with two runs of 30s each at 30 oscilla-
tions/s.
• Add 700µl extraction buffer and vortex shortly.
• Centrifuge (1min, 16000g).
• Transfer supernatant into a new microcentrifuge tube and add 600µl isopropanol.
• Vortex briefly, centrifuge 10min at 16000g.
• Wash pellet with 70% and 100% ethanol.
• Dry pellet at 60◦C and dissolve in 150µl water.
4.6.5 Genotyping of TILLING mutants
Depending on the position of the mutation different primer pairs were used for a PCR of KNB1
from genomic DNA of the putative mutants to amplify the region surrounding the mutation.
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PCR products were subjected to a restriction digest with restriction enzymes that loose or obtain
additional cutting sites due to the mutation. This allows for differentiation between, wild type,
heterozygous and homozygous mutants.
Mutant TAIR Nr. PCR primers Restriction
enzyme
Fragments
wild type
Fragments
mutant
R15W CS95164 FK551, FK581 Hpy188I 233, 172, 153,
139, 103, 50
223, 203, 172,
139, 103
M18I CS95755 FK177, FK178 NlaIII 398, 119, 54,
45, 41, 25
452, 119, 45,
41, 25
D22N CS93701 FK177, FK178 FokI 518, 164 682
S73F CS92279 FK177, FK178 MseI 350, 332 332, 300, 50
E91K CS93385 FK177, FK178 TaqI 249, 173, 160,
100
409, 173, 100
g546a: splice
junction
CS95478 FK177, FK178 BciVI 540, 142 682
P136S CS93140 FK177, FK578 EcoRI 645, 429 429, 413, 232
4.6.6 Plant protein extracts
Carbonate protein extraction buﬀer
100mM NaHCO3 pH 9
2% SDS
Filter sterilize, add EDTA free protease inhibitor tablets (Roche) before use.
• Put plant material in 2ml microcentrifuge tube with 2 steel beads and freeze in liquid N2.
• Homogenize in a cooled TissueLyser (Qiagen) with two runs of 30s each at 30 oscilla-
tions/s.
• Add same volume of carbonate protein extraction buffer.
• Incubate for 10min at 95◦C.
• Centrifuge (16000g, 10min) and transfer supernatant into a new microcentrifuge tube.
• Store protein extract at -20◦C or prepare SDS page sample.
4.6.7 Floral dip of A. thaliana
5x MS
3,25M sorbitol
325mM MES pH 5,5
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• Grow A. thaliana under long day conditions until flowering.
• Remove open flowers and siliques.
• Grow overnight culture of A. tumefaciens in LB and antibiotics at 30◦C.
• Dilute overnight culture in 200ml LB and antibiotics and grow until an absorbance at
600nm of approximately 0,8.
• Spin down (30min, 3000g) and resuspend in 200ml 0,5x MS with 5% saccharose.
• Add 0,01% Silwet L-77 and mix well.
• Dip above-ground parts of plant in A. tumefaciens solution for 20s with gentle agitation.
• Place dipped plants under a plastic bag for 1d and keep out of direct light, then return to
growth chamber.
4.6.8 Infiltration of N. benthamiana for transient protein expression
Infiltration medium 50ml
500µl 1M MgSO4 (autoclaved)
500µl 1M MES (sterile filtered)
75µl 100mM acetosyringone
• Grow overnight culture of A. tumefaciens.
• Dilute overnight culture in 4ml medium to an absorbance at 600nm (OD600) of approxi-
mately 0,1-0,2.
• Grow until an OD600 of 0,8-1,3 and harvest cells by centrifugation (10min, 3500g).
• Resuspend bacteria in 2ml infiltration medium, incubate 2h to 1 week.
• Dilute with water to an OD600 of 0,3, for double infiltrations each construct should have
an OD600 of 0,3.
• Use 1ml syringe to gently infiltrate bottom side of young and healthy N. benthamiana leaf.
• Rinse with water to remove excess bacteria, water plants well.
• Place infiltrated plants under a plastic bag and keep out of strong light for 1d.
• Analyze expression after 24-72h.
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4.6.9 DNA content measurement of A. thaliana nuclei
Chopping buﬀer
45mM MgCl2
30mM sodium citrate
20mM MOPS pH 7
0,1% Triton-X100
DAPI stain
200mM Tris pH 7,5
4mM MgCll2
0,5% triton X-100
0,1mg/ml DAPI
Store aliquots at -20◦C
• Put at least 1cm2 plant material in petri dish and cover with ice cold chopping buffer.
• Chop with a razor blade to homogenize.
• Filter through a 0,45nm filter and add 33µl DAPI stain per ml extract.
• Incubate at least 15min on ice.
• Use extract for flow cytometric measurement.
4.6.10 DAPI staining of DNA in leaves
• Place leaf in DAPI solution (1mg/ml in PBS).
• Vacuum infiltrate for 10min.
• Wash three times with PBS.
4.6.11 Beta-glucuronidase (GUS) staining
Stocks for staining solution:
100mM potassium ferricyanide (K3[Fe(CN)6 ]) in water, store light protected at 4◦C.
100mM potassium ferrocyanide (K4 [Fe(CN)6 ]) in water, store light protected at 4◦C.
20mM X-Gluc in DMSO, prepare fresh before use.
Staining solution
50mM sodium phosphate buffer pH 7
2mM K3[Fe(CN)6 ]
2mM K[Fe(CN)6 ]
0,1% triton X-100
2mM X-Gluc
Clearing solution
50% ethanol
50% acetic acid
• Put tissue into ice cold 80% acetone and vacuum infiltrate for 15min.
• Incubate at -20◦C for 1h.
• Rinse 2x with 100mM sodium phosphate buffer pH 7.
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• Replace buffer with staining solution and vacuum infiltrate 30min to 1h.
• Incubate for 12h at 37◦C protected from light.
• Dehydrate the tissue light protected and with gentle shaking at 4◦C with 10% ethanol and
30% ethanol for 30min.
• Apply clearing solution over night, followed by 30min in 70% ethanol.
4.7 Viruses
4.7.1 Preparation of ORMV particles
• Grind infected plant material (e.g. 20g) in 0,5M phosphate buffer pH 7,2 including 1%
β -mercaptoethanol, using 3ml/g plant material.
• Filter through two layers of Miracloth into centrifuge tubes.
• Add 0,8ml butan-1-ol per 10 ml of filtrate drop-wise while swirling the tube.
• Incubate at room temperature for 15 min, mix every few min.
• Centrifuge (10000g, 30min, 12◦C) and collect lightly pigmented aqueous phase.
• Filter through two layers of Miracloth into fresh centrifugation tubes.
• Add 20% (w/v) polyethylenglycol (PEG 8000) to a final concentration of 4%.
• Mix by inversion and incubated on ice for 15min, mix every few min.
• Centrifuge (10000g, 15min, 4◦C) and remove supernatant.
• Centrifuge briefly to collect residual liquid and remove it.
• Dissolve pellet in 0,4ml 10mM 0,5M phosphate buffer pH 7,2 per g plant material.
• Centrifuge (10000g, 15min, 4◦C) and transfer supernatant to a fresh tube.
• Add 85µl 5M NaCl and 112µl 20% PEG 8000 per g plant material, mix and incubated on
ice for 15min.
• Centrifuge (10000g, 15min, 4◦C) and remove supernatant, centrifuge shortly again to
remove liquid completely.
• Resuspend pellet in 0,1ml 10mM 0,5M phosphate buffer pH 7,2 per g plant material.
• Transfer to microcentrifuge tubes and centrifuge (13000g, 30s).
• Transfer supernatant into fresh microcentrifuge tubes, store at -80◦C.
• Determine the concentration of the viral particles by measuring the absorbance at 260nm.
The extinction coefficient is 3,0 for a 1 mg/ml solution.
4.7.2 Infection assay
• Use three week old A. thaliana plants for inoculation, dust three leaves per plant with
silicium carbide.
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• Pipet 200ng virus onto each leaf and use a 6mm stiff-bristled paint-brush to gently rub in
the inoculum.
• Harvest whole plants as samples at time-points between 3 and 14 days after inoculation.
• Prepare total protein extracts with urea protein sample buffer (30% glycerol, 2% SDS,
50mM Tris pH 6,8, 36% urea, 0,1M DTT).
• Run protein extracts on 12% SDS-PAGE gels and stain proteins with Coomassie blue.
• Infected plants show an additional band to non infected at approximately 20kDa.
4.8 Primer list
Cloning of cDNAs
Gene Name Sequence Vector
AtBEL1 5’ FK473 GCGGGATCCGCATGGCAAGAGATCAGTTCTATG pENTR4
AtBEL1 3’ FK474 CGCCTCGAGGCAACAATATCATGAAGTAATTGAGC pENTR4
AtSTM 5’ FK348 GGGGACAAGTTTGTACAAAAAAGCAGGCTATATGGAGAG
TGGTTCCAACAG
pDONR
AtSTM 3’ FK350 GGGGACCACTTTGTACAAGAAAGCTGGGTCAAGCATGGT
GGAGGAGATGTG
pDONR
AtKNAT1 5’ FK351 GGGGACAAGTTTGTACAAAAAAGCAGGCTATATGGAA
GAATACCAGCATGAC
pDONR
Yeast two-hybrid and three-hybrid mutagenesis cloning
Gene Name Sequence
AtKNAT1 ∆ELK 5’ FK589 GTGACAATATGGGATCAAGTTTGAAGCAAGAACTATCC
AtKNAT1 ∆ELK 3’ FK590 GGATAGTTCTTGCTTCAAACTTGATCCCATATTGTCAC
AtKNAT1 ∆NLS 5’ FK591 GTATAGTGGATACTTAAGCCTCACGTGGTGGGAG
AtKNAT1 ∆NLS 3’ FK592 CTCCCACCACGTGAGGCTTAAGTATCCACTATAC
AtKNB1 ∆core cc 5’ FK605 GGAACTCAGTAACGAATTCGATGCATCAAACGAGGAG
AtKNB1 ∆core cc 3’ FK606 CTCCTCGTTTGATGCATCGAATTCGTTACTGAGTTCC
AtKNB1 TIL M18I 5’ FK593 GGATTTCGGAAACGCATAAGAGCATCTGATGAAGAG
AtKNB1 TIL M18I 3’ FK594 CTCTTCATCAGATGCTCTTATGCGTTTCCGAAATCC
AtKNB1 TIL S73F 5’ FK595 GCTTCACACAAACTGTTTTTAACTTGCTGGAAACAGGG
AtKNB1 TIL S73F 3’ FK596 CCCTGTTTCCAGCAAGTTAAAAACAGTTTGTGTGAAGC
AtKNB1 TIL E91K 5’ FK597 GGAACTCAGTAACGAATTCAAAGAACGCTTGATCATGATAC
AtKNB1 TIL E91K 3’ FK598 GTATCATGATCAAGCGTTCTTTGAATTCGTTACTGAGTTCC
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Yeast two-hybrid and three-hybrid conventional cloning
Gene Name Sequence Vector
AtKNB1 5’ FK179 GCGGTCTCGAATTCATGGAAGAAGACGCAGG pBRIDGE MCSI
AtKNB1 3’ FK180 CGCGGATCCTCATTGCTCAATGCTAGG pBRIDGE MCSI
AtSTM 5’ FK232 GCGGAATTCATGGAGAGTGGTTCCAACAG pBRIDGE MCSI
AtSTM 3’ FK233 GCGCTCGAGTCAAAGCATGGTGGAGGAG pBRIDGE MCSI
AtKNAT1 5’ FK582 GCGGAATTCATGGAAGAATACCAGCATGAC pGADT7
AtKNAT1 3’ FK583 CTGCTCGAGTTATGGACCGAGACGATAAGG pGADT7
AtMPB2C 5’ FK475 GCGGCGGCCGCAATGTATGAGCAGCAGCAACATTTC pBRIDGE MCSII
AtMPB2C 3’ FK476 CGCGGATCCTTAATATGTAAAGGCTAGTGATTGC pBRIDGE MCSII
AtBEL1 5’ FK479 GCCGCGGCCGCAATGGCAAGAGATCAGTTCTATGG pBRIGE MCSII
AtBEL1 3’ FK480 CGCGGATCCTCAAACAATATCATGAAGTAATTGAGC pBRIGE MCSII
AtBEL1 5’ FK473 GCGGGATCCGCATGGCAAGAGATCAGTTCTATG pGADT7
AtBEL1 3’ FK474 CGCCTCGAGGCAACAATATCATGAAGTAATTGAGC pGADT7
eGFP 5’ FK608 GCGGCGGCCGCAATGGTGAGCAAGGGCGAG pBRIDGE MCSII
eGFP 3’ FK607 GACAGATCTTTATGGGCGCCCGCTCTTG pBRIDGE MCSII
AtKNB1 cc 5’ FK603 CTGGATCCACGCTTCTGATGAGATGGAAC pBRIDGE MCSI
AtKNB1 cc 3’ FK604 GACTGCAGTTCAAGCGTTGTGTAAGAGGGAAG pBRIDGE MCSI
AtKNAT1 ∆N
5’
FK587 GCGGAATTCATGTTAATGAGAGCCATCCAC pGADT7
AtKNAT1 ∆N
3’
FK583 CTGCTCGAGTTATGGACCGAGACGATAAGG pGADT7
AtKNAT1
∆MEINOX 5’
FK585 GCGGAATTCTCAGACGAAGAACAAGAGAATAAC pGADT7
AtKNAT1
∆MEINOX 3’
FK583 CTGCTCGAGTTATGGACCGAGACGATAAGG pGADT7
AtKNAT1
∆HD 5’
FK582 GCGGAATTCATGGAAGAATACCAGCATGAC pGADT7
AtKNAT1
∆HD 3’
FK588 CTGCTCGAGTTAAAGCTTCTGCCGTGCTTCTTTAG pGADT7
AtKNAT1
∆ELK NLS
HD 5’
FK582 GCGGAATTCATGGAAGAATACCAGCATGAC pGADT7
AtKNAT1
∆ELK NLS
HD 3’
FK586 CTGCTCGAGTTATGATCCCATATTGTCACTCTTC pGADT7
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Other primers
Use Name Sequence
TILLING confirmation FK177 AATGGAAGAAGACGCAGGGAATGGAGGAT
TILLING confirmation FK178 CCTCATTGCTCAATGCTAGGATTCTGAAT
TILLING confirmation FK551 CGGTCGACACCTTTCTCGATGCAGTGATC
TILLING confirmation FK578 CGGCGGCCGCGATAGGTTACGTTCAGCATG
TILLING confirmation FK581 CACCAGATCAACGACAAATTC
SALK009135 LP confirmation FK516 GCCATACCTTTTTCTTCCCAG
SALK009135 RP confirmation FK517 CTTAGCATTGCGCAAATTCTC
SALK Insert LBb1.3 FK447 ATTTTGCCGATTTCGGAAC
SALK Insert LBa1 FK192 GTTCACGTAGTGGGCCATCGC
Salk Insert 35S FK156 CCTTCGCAAGACCCTTCCTC
Salk Insert NOS terminator FK313 CAAGACCGGCAACAGGATTC
KNB1 promoter and coding 5’ FK551 CGGTCGACACCTTTCTCGATGCAGTGATC
KNB1 promoter and coding 3’ FK552 CGGCGGCCGCTTGCTCAATGCTAGGATTCTG
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5.1 Yeast two-hybrid and three-hybrid
Figure 5.1: Colony growth control before two-hybrid interaction assay. Yeast colonies carrying either
BD or AD fusions are brought together by mating. Colonies carrying both plasmids are grown on
double selective medium lacking Leucine for pGADT7 and Tryptophane for pBRIDGE. All colonies
show the same growth rate.
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Figure 5.2: Yeast two-hybrid interaction assay with ADE reporter. Colonies where interaction occurs
are white on medium low in adenine, red color indicates no interaction.
Figure 5.3: Yeast two-hybrid interaction assay with MEL1 as reporter. α-galactosidase expressed
upon interaction causes blue coloring in the presence of the substrate X-α-Gal. The substrate was
probably not not spread evenly on the plate as there is nearly no blue coloring in the lower part of
the assay.
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Figure 5.4: Filter lift assay for yeast two-hybrid interaction analysis. Interaction leads to expression
of β -galactosidase, which cleaves the substrate ONPG to a blue colored product.
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5.2 KNB1 silencing construct
1 GAATTCCAAA TAATGATTTT ATTTTGACTG ATAGTGACCT GTTCGTTGCA ACAAATTGAT
61 AAGCAATGCT TTTTTATAAT GCCAACTTTG TACAAAAAAG CAGGCTGAAG AAGACGCAGG
121 GAATGGAGGA TTTCGGAAAC GCATGAGAGC ATCTGATGAA GAGGGAAAAG GAGATTCGAG
181 AGATGGAATT AGCCTTGATC ATACCATTGA GAATGAAGAA GCTGAGACGA AACTTGTTGC
241 TTCTGATGAG ATGGAACTTA GCATTGCGCA AATTCTCGAT AAGATTGAGA GCTTCACACA
301 AACTGTTTCT AACTTGCTGG AAACAGGGAA AACAATGCTC AAGGAACTCA GTAACGAATT
361 aaggtatgga tagtgtatct tcatactgca tttgtttaat ttgaaaatgg ttatctagtt
421 gcctaacaaa atatagctgg gatatcttat aacacatgtg caggtgacat ggaaaaaaat
481 gcctattttt ctatgcacta actattcatc atgtgacata cttccccaaa aaactaaata
541 agccaaattt tccagcttcc gagtcctgaa aaagagtagt gtacctgata caatttatag
601 agtttttttt ttcgaaaaga agggatagcc ctcatagata gagtactaac taaaagtcta
661 cttttaccaa tttcaggttt ttgacaaAAT TCGTTACTGA GTTCCTTGAG CATTGTTTTC
721 CCTGTTTCCA GCAAGTTAGA AACAGTTTGT GTGAAGCTCT CAATCTTATC GAGAATTTGC
781 GCAATGCTAA GTTCCATCTC ATCAGAAGCA ACAAGTTTCG TCTCAGCTTC TTCATTCTCA
841 ATGGTATGAT CAAGGCTAAT TCCATCTCTC GAATCTCCTT TTCCCTCTTC ATCAGATGCT
901 CTCATGCGTT TCCGAAATCC TCCATTCCCT GCGTCTTCTT CACCCAGCTT TCTTGTACAA
961 AGTTGGCATT ATAAGAAAGC ATTGCTTATC AATTTGTTGC AACGAACAGG TCACTATCAG
1021 TCAAAATAAA ATCATTATTT GAAGCTT
Restriction enzyme cutting sites for cloning are indicated by a red background. Gateway R￿ LR
recombination sites are labeled with green. Reverse and forward KNB1 coding sequence close
to the 5’ end is shown in white-background, capital letters, lower-case letters mark the loop
region.
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